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Pan troglodytes 
Identities = 18/18 (100%) 

Query 1 KDMQLGRLHMKTLLPVSK 18 

KDMQLGRLHMKTLLPVSK 
Sbjct 751 KDMQLGRLHMKTLLPVSK 768 

Macaca mulatta 
Identities = 17/18 (94%) 

Query 1 KDMQLGRLHMKTLLPVSK 18 

KD+QLGRLHMKTLLPVSK 
Sbjct 745 KDLQLGRLHMKTLLPVSK 762 

Bos taurus 

Identities = 14/18 (77%) 

Query 1 KDMQLGRLHMKTLLPVSK 18 

K+MQLGRLH+K+LLPV+K 
Sbjct 745 KNMQLGRLHIKSLLPVTK 762 

Sus scrofa 

Identities = 12/16 (75%) 

Query 1 KDMQLGRLHMKTLLPV 16 

K++QLGRLH+KTLL V 
Sbjct 745 KNIQLGRLHIKTLLAV 760 

Mus musculus 
Identities =12/15 (80%) 

Query 4 QLGRLHMKTLLPVSK 18 

QLGR+H+KTLLPV K 
Sbjct 666 QLGRIHIKTLLPVMK 680 

Rattus norvegicus 
Identities = 11/18(61%) 

Query 1 KDMQLGRLHMKTLLPVSK 18 

K M LGR+ +K LLPV K 
Sbjct 641 KGMLLGRIQIKALLPVMK 658 
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The cleavage site of C5 from man and animals as a 
common target for neutralizing human monoclonal 
antibodies: in vitro and in vivo studies 
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The isolation of an anti-C5 single-chain fragment variable (scFv) antibody, TS-A12/22, from 
a human phage display library, is described. This antibody inhibits the activation of C5 and 
the assembly of the terminal complement complex implicated in cell and tissue damage. 
Using antibody-sensitized sheep erythrocytes and rabbit red cells as target cells in hemo- 
lytic assays, we found that TS-A12/22 inhibited the activation of C5 by the convertases of 
both classical and alternative pathways. Western blot analysis and competition experiments 
with synthetic peptides showed that TS-A12/22 reacted with the a chain of C5 and recog- 
nized the cleavage site of this complement component by the C5 convertase. As a result, the 
antibody prevented splitting of C5 and inhibited the generation of C5a and of the terminal 
complement complex. The identification of the TS-A12/22 recognition site as a conserved 
sequence in man, mouse, rat and rabbit enabled the demonstration of in vitro inhibition of 
complement activity in these species. The scFv TS-A12/22 was tested in a rat model of 
antigen-induced arthritis and proved to be effective in preventing influx of polymorphonu- 
clear cells into the knee joint and C9 deposition on synovial tissue. 
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library 



Received 18/4/02 
Revised 11/6/02 
Accepted 11/7/02 



1 Introduction 

The complement (C) system is an essential component 
of innate immunity and functions as a double-edged 
weapon ensuring on the one hand host protection and 
yet causing on the other hand tissue injury in several 
pathological conditions. The defensive functions are 
accomplished by biologically active products generated 
in the course of C activation, which opsonize infectious 
agents, promote inflammation or lyse susceptible tar- 
gets. Unfortunately, these products, once released, do 
not differentiate between foreign and self targets and 

[I 23058] 

Abbreviations: GVBS: Glucose veronal -buffered saline 
MAC: Membrane attack complex C: Complement TCC: 
Terminal C complex scFv: Single-chain fragment variable 
C5D: C5-deficient (human serum) MPBS: PBS containing 
2% non-fat milk mBSA: Methylated BSA 



often cause extensive damage of bystander cells and tis- 
sues in clinical conditions associated with unrestricted C 
activation. 

C5a and terminal C complex (TCC) are two of the C acti- 
vation products that have been implicated in the promo- 
tion of tissue damage in several inflammatory diseases. 
Increased amounts of these products have been 
detected in the tissue fluids from patients with chronic 
inflammatory disorders, including rheumatoid arthritis 
and diseases of the central nervous system [1-4]. Ele- 
vated levels of C5a have also been found in the plasma 
of patients with multiple organ failure and myocardial 
ischemia-reperfusion injury, and the signs of pulmonary 
distress, hypotension and leukopenia usually seen in 
these patients are also observed in animals receiving 
intravenous administration of this anaphylatoxin [5], 
C5a is also able to induce marked inflammatory reaction 
of the lung following intratracheal instillation into rabbits 
[6]. 
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In recent years TCC has received special attention as 
one of the C activation products that may cause tissue 
injury because of non-lytic effects on phagocytes and 
endothelial cells leading eventually to inflammation [7, 8]. 
The complex has been localized in various tissues in 
several pathological conditions including rheumatoid 
arthritis, nephropathies, disorders of the central and 
peripheral nervous system and vascular diseases [9]. 

Given the critical role played by C5a and TCC in promot- 
ing chronic inflammation and tissue damage, many 
efforts have been made in recent years to neutralize the 
late components as a therapeutic measure in order to 
prevent the development of these complications in dis- 
eases associated with C activation. C5 is the ideal target 
of this strategy since neutralization of this C component 
will inhibit the activation of the terminal sequence with- 
out interfering with the opsonizing activity of the early 
components. Monoclonal antibodies to human [10, 11], 
mouse [12] and rat [13] C5 have been developed that 
inhibit generation of C5a and membrane attack complex 
(MAC). Antibodies to C5 have been successfully used in 
mice to prevent the development of collagen-induced 
arthritis [1 4] and to improve the clinical course of glomer- 
ulonephritis [15], and in rats to reduce myocardial ische- 
mia and reperfusion [13]. 

In the last few years two anti-human C5 single-chain 
fragment variable (scFv) have been constructed that 
show more rapid tissue penetration compared to whole 
antibodies. The first is a murine scFv obtained by assem- 
bling the variable regions of a murine mAb to C5 [16]. 
This retained the ability of the original mAb to inhibit the 
assembly of MAC and partially blocked C5a generation. 
This antibody was also shown to prevent deposition of 
C5b-9 in mouse heart perfused with human plasma and 
also in heart failure. The second scFv is a humanized 
murine mAb to human C5 that was obtained by grafting 
the complementarity-determining regions into human 
heavy and light variable region frameworks. This is able 
to prevent generation of both C5a and C5b-9, although 
the epitope recognized by this antibody and its localiza- 
tion on the C5 molecule has not been reported [1 7]. More 
recently, Fitch et al. [18] have published data indicating 
that this scFv administered to a group of patients with 
cardiopulmonary bypass at a dose of 2 mg/ml totally 
inhibited C hemolytic activity for up to 14 h and attenu- 
ated myocardial damage, cognitive deficits and blood 
loss. 

In this study we report an scFv against human C5 iso- 
lated from a large naive antibody library that was derived 
from rearranged V genes amplified from peripheral blood 
lymphocytes of unimmunized human donors. The nov- 
elty of this scFv is that it reacts with an epitope localized 
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on the a chain of human C5 at the site of cleavage of the 
molecule into C5a and C5b and is also effective in inhib- 
iting the activation of C5 from other animals including rat, 
rabbit and mouse. Evidence indicating that the anti-C5 
scFv prevents antigen-induced arthritis and tissue depo- 
sition of C9 is also provided. 

2 Results 

2.1 Identification and characterization of an 
anti-C5 clone that blocks the cleavage of C5 

Twelve positive clones, TS-A1 to 12, expressing anti- 
bodies directed against human C5 were isolated and 
processed to prepare soluble periplasmic scFv, which 
were then used to further select clones that inhibited the 
activation of C5, as evaluated by the amount of C5a and 
TCC released in the supernatant. One of these clones, 
TS-A12, inhibited the generation of both C5a and TCC 
(Fig. 1) and was specific for C5 because it did not react 
with either C3 or C4 or with the other terminal compo- 
nents, as determined by ELISA (data not shown). Since 
the equilibrium dissociation constant (K d ) of TS-A12 was 
2x1 0" 7 M, VL chain shuffling was performed to increase 
its affinity. Five clones reactive with C5 were generated; 
and one of these, TS-A12/22, shared with the parental 
clone the ability to inhibit the cleavage of C5, but exhib- 
ited a tenfold higher affinity with a value of 1.8x10^ M. 
The VH gene of the two clones derived from VH3/V-48 
gene family/segment, while the VL gene derived from 
VX3A/2-14 and Vk4/DPK24 for TS-A12 and TS-A12/22, 
respectively. All subsequent studies were performed on 
TS-A12/22. 



2.2 Definition of the target specificity 
of TS-A12/22 

To search for the site of action of TS-A12/22, we tested 
the reactivity of this scFv with purified C5a and C50 sub- 
units by SDS-PAGE and immunoblotting. Fig. 2 shows 
that TS-A12/22 selectively interacts with C5a, suggest- 
ing that it may recognize an epitope localized on the 
cleavage site of the C5 convertase. To confirm this, we 
incubated TS-A12/22 with the P5A-18 peptide prior to 
addition of the mixture to bound C5 in a competitive 
ELISA and observed a dose-dependent inhibition of anti- 
C5 scFv binding to C5, while both an unrelated peptide 
and C5a were ineffective even at the highest concentra- 
tion (Fig. 3). 
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Fig. 1. Evaluation of C5a and TCC formed as a result of C5 
activation in the presence of TS-A12, TS-A12/22 and unre- 
lated scFv. The results obtained at different scFv/C5 molar 
ratios are expressed as mean ± SD of percent value of the 
control (GVBS) in three different experiments. 




1 2 3 

Fig. 2. Immunoblot analysis of purified C5 a and (3 chains 
using 100ng of each subunit and TS-A12/22 as revealing 
scFv. Lane 1: C5a; lane 2: C5p; lane 3: mixture of the two 
chains. The Immunoblot was developed with 1/500 TS-A12/ 
22 followed by 1/1,000 mAb anti-SV5 and 1/1,000 alkaline 
phosphatase-labeled goat anti-mouse IgG. Lane 3 was 
developed with 1/1,000 biotin-labeled goat anti-human C5 
followed by 1/4,000 streptavidin-alkaline phosphatase. 



2.3 Functional characterization of TS-A12/22 

Having found that TS-A12/22 blocks the cleavage of C5 ? 
we addressed the issue whether this scFv is able to 
inhibit the activation of C5 by both the classical and the 
alternative pathway of C activation. The results pre- 
sented in Fig. 4 show that TS-A12/22 inhibited C5- 
dependent lysis triggered through both pathways to a 
similar extent. We also tested TS-A12/22 for its ability to 
inhibit the hemolytic activity of C5 from various animals, 
and found that the anti-C5 scFv was effective on C5 from 
rabbit, rat and mouse sera, although the amount of sera 
required to obtain similar hemolytic activity varied 
between these species (Fig. 5). 



2.4 TS-A12/22 prevents joint inflammation in 
antigen-induced arthritis 

To evaluate the in vivo effect of TS-A12/22, we measured 
the influx of PMN into the joints of rats that have received 
an intraarticular injection of anti-C5 scFv and methylated 
BSA (mBSA), and compared the results with those 
obtained with mBSA alone or with mBSA mixed with an 
unrelated scFv. Fig. 6 shows that the number of PMN 
induced to migrate into the knee by mBSA remained 
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Fig. 3. Inhibition of TS-A1 2/22 binding to C5 by C5 (P5A-1 8) 
and fibronectin (CS5) peptides. Mixtures of TS-A12/22 
(1 ng/ml) and various concentrations of peptides to a final 
volume of 100 ^l were incubated for 15 min at room temper- 
ature and then added to bound C5 (250 ng). Binding of TS- 
A12/22 to C5 was evaluated as described Sect. 4. Data are 
presented as mean ± SD of percent value of the control 
(GVBS) obtained in three different experiments. *p<0.05 and 
**p<0.01 versus control. 
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F/g. 4. Inhibition of C5 hemolytic activity by TS-A12/22. 
Increasing amounts of C5 were mixed with either TS-A12/22 
(600 ng) or an unrelated scFv (600 ng) or GVBS and incu- 
bated for 15 min at room temperature prior to addition to 
50 pi of the appropriate target erythrocytes. Data are pre- 
sented as mean ± SD of percent value obtained in three dif- 
ferent experiments. 

essentially unchanged in rats receiving an unrelated scFv 
but dropped to a negligible level in rats treated with the 
anti-C5 scFv. In addition, injection of TS-A12/22 did not 
reduce the synovial deposition of C3, but blocked almost 
completely that of C9 (Fig. 7). 

3 Discussion 

Efforts are being made by several groups to develop 
pharmacological agents capable of neutralizing the 
undesired effects of C activation in chronic clinical con- 
ditions using either competing peptides or blocking anti- 
bodies [19]. An ideal reagent should be effective in 
blocking the damaging effects of C activation products 
without affecting the protective functions of the system. 
This consideration led us to select C5 as a potential tar- 
get of neutralizing antibodies since its activation prod- 
ucts have been implicated in tissue destruction in many 
pathological conditions. A complete inhibition of all C 
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activation pathways can also be obtained by blocking 
C3, but the risk of long-term depletion of C3 is the fre- 
quent occurrence of serious infections sustained by 
encapsulated bacteria and fungi, whereas CS-deficient 
patients usually suffer from short self-limiting neisserial 
infections. While choosing C5 as an ideal target to 
deplete, it was important for us to establish that the anti- 
bodies used in the present study were specific for C5 
and were able to selectively neutralize its functional 
activity. The results of ELISA excluded any cross- 
reaction of our anti-C5 antibodies with other C compo- 
nents, especially with C3 and C4, which belong to the 
same protein family as C5 [20]. 

An important requirement for antibodies intended for 
clinical application is that they are not immunogenic, par- 
ticularly if considered for long-term use. In general, such 
reagents have been generated by immunization of mice, 
with selection of monoclonal antibodies with the desired 
properties. The major problem associated with this 
approach is that murine antibodies are generated, with 
the attendant risk of generating an immune response 
when used in therapy. This problem can be partially over- 
come by cloning the V regions and 'humanizing* them 
[21, 22], as has been reported for the production of a 
humanized anti-C5 antibody [16]. In this procedure, 
amino acids characteristic of the murine framework and 
thus likely to induce an immune response, are 
exchanged for their human counterparts. This approach 
has been used successfully for the production of several 
humanized antibodies including herceptin, an anti-c- 
ErbB2 antibody presently used for the treatment of 
breast cancer, rituximab, an anti-CD20 antibody found to 
be efficacious against follicular non-Hodgkin lymphoma, 
and infliximab, an anti-TNF antibody used for treatment 
of rheumatoid arthritis and Crohn's disease [23]. 
Although humanized antibodies are thought to be mini- 
mally immunogenic when administered to man, an anti- 
globulin response may still be a problem particularly in 
patients who receive repeated administrations of these 
antibodies [24]. We have followed the alternative 
approach of using a phage display library obtained from 
human lymphocytes to prepare anti-C5 scFv antibodies. 

TS-A12/22 antibodies proved to be effective in inhibiting 
the splitting of activated C5 into C5a and C5b. Evidence 
supporting this conclusion is based on our failure to 
detect measurable amounts of C5a and to induce MAC- 
dependent lysis of susceptible erythrocytes when C5 
was activated by either the classical or alternative C 
pathways in the presence of TS-A12/22. Three murine 
monoclonal antibodies that bind to the p chain of C5 and 
block cleavage of human C5 inhibiting the generation of 
TCC and C5a have previously been reported by Wurzner 
et al. [10] and Wang et al. [11]. Our anti-C5 scFv differs 
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Fig. 5. Inhibition of hemolytic activity of C5 from various animals by TS-A12/22.The experimental conditions are similar to those 
reported in the legend to Fig. 4. 



from these antibodies in that it reacts with the a chain of 
C5, as determined by Western blot analysis, and recog- 
nizes an epitope localized at the cleavage site of the C5 
convertase. This was proved by the results of inhibition 
experiments showing that an 18-amino acid peptide 
encompassing the cleavage area inhibited binding of TS- 
A12/22 to C5, whereas C5a was totally ineffective. The 
reason for the inhibition of C5 splitting observed with 
antibodies reacting with the p chain is not apparent, but 
recent data obtained by Low and coworkers [25] using 
C5 mutants and synthetic peptides to inhibit C hemolytic 
activity suggest that sites of C5 distal to its cleavage 
area are involved in the interaction with the C5 converta- 
ses. 

The only anti-C5 antibody tested in patients is the 
humanized h5G1.1 scFv, and its derivatives, which has 
been shown to inhibit in vivo generation of TCC and C- 
dependent hemolytic activity in patients undergoing car- 
diopulmonary bypass, although the epitope recognized 
by this antibody has not been reported [16, 17]. h5G1.1 
does not seem to be effective on C5 derived from other 
animals and this precludes its use in animal models, 
which would be helpful in the evaluation of their in vivo 
effects prior to use in man. By contrast, TS-A12/22 is 
able to inhibit cleavage of C5 to C5a and C5b in at least 
three other species (mouse, rat and rabbit), indicating 
that this antibody can be extensively validated in preclin- 



ical models in a fashion which is not possible with other 
available antibodies. The different behavior of h5G1.1 
and TS-A12/22 may be related to the fact that the epi- 
tope located at the cleavage site and recognized by TS- 
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Fig. 6. Number of PMN in the lavage of rat joints collected 
36 h after injection of saline or mixtures of mBSA and either 
TS-A12/22 or unrelated scFv. The results are presented as 
mean cell number ± SD obtained in three different experi- 
ments. **p<0.01 versus mBSA. 
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Fig. 7. Immunofluorescence analysis of synovial membranes 
obtained from rats receiving intraarticular injection of saline 
(A), mBSA (B), mBSA and TS-A12/22 (C), mBSA and unre- 
lated scFv (D) for deposition of C3 and C9. 



A12/22 is highly conserved between mouse and man. 
Antibodies, such as h5G1.1, obtained by immunization, 
are constrained by the limits of the immune system of the 
animal used for immunization. In particular, it tends to be 
very difficult to derive antibodies against conserved anti- 
gens by immunization. Since tolerance against self epi- 
topes is mediated at the level of specific VH/VL combi- 
nations, the creation of novel VHA/L combinations, as 
occurs in phage antibody libraries [26], results in the sus- 
pension of these immunological constraints and the abil- 
ity to select antibodies against self antigens [27]. 

The recognition of the exact site of cleavage of C5 by C5 
convertase, by either the classical or alternate pathway, 
represents a powerful tool in the therapeutic manipula- 
tion of the C system. The potential clinical usefulness of 
a reagent with this specificity is underscored by the inhi- 
bition of intraarticular migration of PMN and of C9 depo- 
sition on synovial tissue in an experimental model of 
antigen-induced arthritis. Pathological processes In 
which this antibody would be expected to be useful 



include all those involving acute or chronic inflammation, 
such as rheumatoid arthritis [28], and ischemia reperfu- 
sion following myocardial infarction [13]. 

VL chain shuffling proved useful to increase the affinity of 
TS-A12 initially selected from the antibody library. This 
highlights another advantage of the use of phage display 
to generate antibodies: in addition to the derivation of 
anti-self specificities, antibodies, once selected, can 
have their affinities matured by combinations of chain 
shuffling [29] and parsimonious mutagenesis [30], to 
picomolar levels rarely achieved by immunization. 

In conclusion we have identified and characterized a 
human scFv anti-human C5 antibody, which inhibits the 
activation of C5 and blocks the generation of its activa- 
tion products. This antibody may be used for treatment 
of inflammatory processes after an appropriate evalua- 
tion of its efficacy in animal models. 

4 Materials and methods 
4.1 Sera and C reagents 

Human C5-deficient (C5D) serum was obtained from a 
patient with a history of meningococcal disease identified in 
our laboratory because of undetectable level of C5 and lack 
of hemolytic activity, which was reconstituted by purified C5. 
Sera were also obtained from blood donors, New Zealand 
rabbits, Wistar rats and CBA mice and used as a source of 
C. Purified C components from C4 to C9 were purchased 
from Quidel (San Diego, CA) and recombinant human C5a 
was supplied from Sigma-Aldrich (Milan, Italy). C5a and P 
subunits were obtained by incubating 50 ^g C5 diluted in 
0.55 M Tris-HCI pH 8.1 with 0.02 M dithiothreitol for 30 min 
at room temperature followed by treatment with 0.12 M 
iodoacetamide for 1 h at room temperature. The two chains 
were purified by fast protein liquid chromatography (FPLC) 
on Superose 12 (Pharmacia Biotech, Milan, Italy) and 
checked for purity by SDS-PAGE under nonreducing condi- 
tions. 



4.2 Antisera 

Two anti-human C5a mAb, G25/2 and C17/5, the latter rec- 
ognizing a neoepitope exposed on this fragment, were a 
kind gift from Prof. O. Gotze (Gottingen, Germany). mAb 
aE11 directed against a C9 neoantigen was kindly provided 
by Prof. T. Lea (Oslo, Norway). Goat antiserum to C5 was 
purchased from Quidel and alkaline phosphatase-labeled 
goat anti-mouse IgG from Sigma-Aldrich. Rabbit antiserum 
to rat C9 was obtained through the courtesy of Prof. P. Mor- 
gan (Cardiff, GB) and anti-SV5 mAb recognizing the SV5 tag 
at the scFv C terminus was a gift from Dr. Randall (St. An- 
drews, GB). Purification of IgG by affinity chromatography 
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on protein G and biotin labeling of antibodies and C5 were 
performed following published procedure [31 J. 



4.3 Library and bacteria 

The antibody library used has been previously described 
[32] and has a diversity of 7.0x10 9 derived from nonimmune 
peripheral blood lymphocytes. Escherichia coli DH5aF' 
strain was used for phage propagation and HB2151 strain 
was used to make soluble scFv. 
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4.7 Preparation of soluble scFv 

Phages from individual colonies were used to infect HB2151 
bacteria grown as previously described [34]. The peri- 
plasmic scFv fraction was prepared by extraction of pelleted 
bacteria with B-PER reagent (Pierce, Celbio, Milan, Italy) for 
20 min at room temperature followed by centrifugation for 
1 5 min at 27,000xg. The supernatant was collected and dia- 
lyzed against PBS. Purified scFv were obtained by affinity 
chromatography of the bacterial extract on Ni-NTA resin 
(Qiagen, Milan, Italy), which selectively binds the six histi- 
dines at the C terminus of the scFv. 



4.4 Rescue of phagemid library and panning 

Phagemid particles were rescued as previously described 
[33]. Panning was performed in immunotubes (Nunc, Mascia 
Brunelli, Milan, Italy) coated with purified C5, 10 \ig/m\ in 
PBS, overnight at 4°C as previously reported [34]. The pan- 
ning procedure was repeated up to three times. After the 
second cycle, the eluting £ coli cells were grown and the 
phagemid DNA was extracted by conventional methods. 
The phagemid DNA was used as a template for VH and VL 
individual PCR amplifications, assembly and cloning into 
pDAN5 [35], a newly developed phagemid vector improved 
by insertions of lox sequences, His B and SV5 [36] tags, and 
characterized by inversion of the order VH and VL 
sequences. After transformation, the £ coli cells were res- 
cued by helper phage and the phage particles used for the 
third panning. 



4.5 Evaluation of antibody specificity of phage clones 

After panning, individual clones were screened for antigen 
reactivity. Phages from individual colonies were grown in 96- 
well plates. ELISA were performed in microtiter plates 
coated with the antigen (1 0 fig/ml) by overnight incubation in 
0.1 M sodium bicarbonate buffer pH 9.6 at 4°C. After satura- 
tion with PBS containing 2% non-fat milk (MPBS), 50 |il 
phage suspension diluted with an equal volume of MPBS 
and mAb anti-phage gene 3 protein conjugated with horse- 
radish peroxidase (Pharmacia Biotech) were sequentially 
added. Binding was revealed using H 2 0 2 and S.S'.S^'- 
tetramethylbenzidine dihydrochloride (Sigma-Aldrich) as 
substrate and read at 450 nm. 



4.6 Fingerprinting and sequencing of the clones 

The V genes of positive clones for each protein were ampli- 
fied by PCR using V gene primers as described [33]. The 
V genes from the different anti-C5 scFv clones were 
sequenced, and the VH and VL families as well as the gene 
segments used were assessed by screening against the 
VBASE (http://www.mrc-cpe.cam.ac.uk/imt-doc/restricted/ 
ok.html) database [37]. 



4.8 Measurement of binding by surface plasmon 
resonance 

Affinity measurements were conducted in a BIACORE 2000 
system (Biacore AB, Uppsala, Sweden). Purified C5 (20 fig/ 
ml in 10 mM sodium acetate pH 4.5) was coupled to a sen- 
sor chip CM5 (-1 ,000 RU) by direct coupling to primary 
amines, and the subsequent measures carried out as 
described in [38]. Equilibrium constant was calculated as 
Kd=K on /Kotf . 



4.9 Antibody chain shuffling 

VL chain shuffling [39] of scFv TSA-12 was carried out as fol- 
lows: phagemid DNA was digested with BssHII and Sail to 
excise the VL region. The replacement of the VL gene was 
obtained using the repertoire of VL chains obtained by cut- 
ting a preimmune human library [35] with the same enzymes. 
After ligation and cloning, a library of nearly 10 6 clones was 
obtained. The library underwent three rounds of selection on 
biotin-labeled C5, as described by Hawkins et al. [40]. 



4.10 Evaluation of scFv binding to C5 

An ELISA was used to measure the binding of scFv anti- 
bodies to C5. Wells of microtiter plates were coated with 
purified C5 (250 ng) by overnight incubation in 0.1 M sodium 
bicarbonate buffer pH 9.6 at 4°C. After washing with PBS 
containing 0.1% Tween 20, the residual free binding sites 
were blocked with MPBS for 1 h at 37°C. The bound C5 was 
allowed to react either with a dilution of the bacterial 
extracts or with purified scFv (1 ng/ml) followed by 1/1,000 
mAb anti-SV5 and 1/1,000 alkaline phosphatase-labeled 
goat anti-mouse IgG (Sigma-Aldrich). All these steps were 
carried out for 1 h at 37°C. The enzymatic reaction was 
developed using p-nitrophenyl phosphate (1 mg/ml; Sigma- 
Aldrich) as a substrate in 0.1 M glycine buffer pH 10.4 con- 
taining 1 mM MgCI 2 and 1 mM ZnCI 2 , and read at 405 nm 
using a Titertek Multiskan ELISA reader (Flow Labs, Milan, 
Italy). 
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4.11 Peptide synthesis and purification 

The peptide corresponding to residues 727-744 of human 
C5 (KDMQLGRLHMKTLLPVSK; [41]) was synthesized as a 
C-terminal amide by the solid phase method, using the 9- 
fluorenylmethoxycarbonyl (Fmoc) chemistry. For each cou- 
pling step, the Fmoc-protected amino acid and coupling 
reagents (TBTU and HOBt) were added in a six- to eightfold 
molar excess with respect to resin substitution. The peptide 
was cleaved and deprotected with trifluoroacetic acid, 
water, triisopropylsilane and 1 ,2-ethanedithiol 
(92.5:3.0:2.0:2.5 vol/vol) and purified by reverse phase- 
HPLC on a C18 column, using a 0-60% water/acetonitrile 
gradient in 0.1% trifluoracetic acid. Peptide concentration 
was determined by the method of Waddell [42], and its 
molecular mass was determined with an electrospray mass 
spectrometer. The CSS fragment of fibronectin (GEEIQI- 
GHIPREDVDYHLYP) was used as an unrelated peptide con- 
trol. 



4.12 Erythrocyte intermediates and hemolytic assays 

SRBC were sensitized with subagglutinating amount of rab- 
bit IgM antibodies. The intermediate Ab-sensitized SRBC 
bearing classical C5 convertase (EAC1-3b) were prepared 
by incubating sensitized SRBC with 1/10 C5D serum in glu- 
cose veronal-buffered saline (GVBS) for 70 s at 37°C fol- 
lowed by the addition of suramin (Bayer, Germany) to block 
the reaction [43]. C alternative pathway was activated by 
suspending rabbit erythrocytes in 1/10 C5D serum diluted in 
GVBS containing 10 mM EGTA and 5 mM MgCI 2 . The lytic 
assays were performed by incubating 50 ^l of the appropri- 
ate erythrocytes (1 .5x10 7 ) in 200 }il of GVBS containing the 
source of C reagents for 30 min at 37°C, and then reading 
the supernatant after centrifugation at 415 nm. 



4.13 Quantitation of C5a and TCC 

A mixture containing 50 \i\ of 1% EAC1-3b, 100 \i\ of 1:100 
C5D serum and 50 ng of C5 to a final volume of 250 \i\ using 
GVBS as diluent was incubated for 30 min at 37°C. The red 
cells were then removed by centrifugation at 4°C and the 
supernatant was collected for the quantitation of C5a and 
TCC. The level of C5a was measured using mAb C17/5 as 
trapping antibody and mAb G25/2 as revealing reagent 
according to Oppermann et al. [44]. The amount of TCC was 
evaluated using solid phase-bound mAb aE11 and biotin- 
labeled goat IgG anti-C5 followed by alkaline phosphatase 
conjugate to streptavidin (Sigma-Aldrich) following pub- 
lished procedure [45]. 

4.14 SDS-PAGE and immunoblotting 

The a and p chains of C5 were analyzed by SDS-PAGE on a 
10% gel under nonreducing conditions and transferred elec- 
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trophoretically onto nitrocellulose membrane (Hybond ECL, 
Amersham, Milan, Italy). The interaction of membrane- 
bound C5 subunits with TS-A12/22 or biotin-labeled goat 
anti-C5 followed by alkaline phosphatase-conjugated sec- 
ondary antibody or by alkaline phosphatase-labeled strepta- 
vidin (Sigma-Aldrich) was performed according to published 
procedure [31 J. 



4.15 Induction of arthritis and disease assessment 

Antigen-induced arthritis was established in 12 female Wis- 
tar rats weighing 240-270 g following two intradermal injec- 
tions at the base of the tail of an emulsion containing equal 
volumes of 100 mg mBSA in 200 ml of sterile saline and 
Freund's complete adjuvant, both from Sigma-Aldrich, on 
days 0 and 7. Fourteen days after the second injection, 
arthritis was induced by intraarticular administration of 
mBSA (100 mg in 100 ml of saline) into the right knee of 
each animal, while saline was injected as a vehicle into the 
left knee and served as a control. One group of four animals 
was treated with mBSA alone, while two other groups of four 
animals each received a mixture of 1 00 mg of mBSA and 
400 mg of either anti-C5 or anti-gliadin scFv. 

The rats were killed 36 h after intraarticular treatment and 
the knee joints were washed with 1 ml of saline solution. The 
total number of cells in the joint lavage was measured by a 
ZBI Coulter Counter (Coulter Electronics, Luton, GB) and 
that of PMN was assessed by measuring the myeloperoxi- 
dase content in an assay system containing 0.05% cetyltri- 
metylammonium bromide, 2 mM 3-amino-1 1,2,4-triazole, 
1 mM tetramethylbenzidine, all purchased from Sigma- 
Aldrich, and 0.35 mM H 2 0 2 at 450 nm [46]. Frozen sections 
were analyzed for tissue deposition of C3 following incuba- 
tion with 1 :200 goat anti-C3 antibody (Cappel, ICN Pharma- 
ceutical, DBA, Milan, Italy) for 60 min at room temperature 
and further exposure to 1/200 FITC-labeled rabbit F(ab'>2 
anti-goat IgG (Southern Biotechnology Associates, Birmin- 
gham, AL) for additional 60 min at room temperature. A simi- 
lar approach was followed to examine the synovial tissue for 
the presence of C9 except that 1:1,000 IgG rabbit anti-rat 
C9 was used followed by 1:400 biotin-labeled goat anti- 
rabbit IgG (Sigma-Aldrich) and 1/50 FITC-labeled streptavi- 
din (DAKO S.p.A., Milan, Italy). 



4.16 Statistical analysis 

The results are expressed as means ± SD. Statistical signifi- 
cance was determined using the Student's t-test to compare 
two groups of data. 
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Abstract We have evaluated the immunoreacuvity of 20 
monoclonal antibodies (mAbs) directed against human apoli- 
poprotein (apo)A-I widi a panel of high density lipoproteins 
(HDL) from 13 mammalian species. The pattern of cross-reac- 
tivity showed that 20 mAbs had different specificity. While not 
all mAbs recognized apoA-I from all of the different species, 
the antigenicity of some sequences was well conserved. Thus, 
mAb A05 cross-reacted with all species except guinea pig and 
rat In contrast, the mAb 4H1, which recognized residues 2- 
8, required a specific proline in position 3, as no immunoreac- 
uvity was found in the species missing this amino acid. Fur- 
thermore, the presence of a threonine residue in place of ser- 
ine (in position 6) in the cynomolgus monkey was associated 
with a 20-fotd loss of immunoreacuvity in radioimmunometric 
assay with 4H L As most of the epitopes were found in CNBr 
fragments 2 and 3, we sequenced these regions in four species 
(horse, goat, sheep, and cat) and analyzed the alignment of 
most known sequences to evaluate their consensus. Except for 
the rat and the chicken, considerable identity was observed. 
This permitted us to deduce the involvement of the residues 
in some antigenic epitopes. In the middle of apoA-l, a conser- 
vative mutation Asp w -* Glu was found sufficient to eliminate 
all reactivity of this epitope for Al 1 (residues 99- 105 . . . 126- 
132) in five species (rabbit, cow, goat, sheep, and rat). The 
residues essential to the expression of two other epitopes over- 
lapping with All were also characterized. DB Edmundsoiv 
wheel representation of 18-residue repeated sequences of the 
different apoA-l species (for the eight amphipatic helices of 
residues 46-63, 68-85, 101-118, 123-140, 143-160, 167-184. 
189-206, and 222-239) showed that secondary structure of 
apoA-l was more conserved than the antigenic epitopes. The 
N-terminal region, residues 1 to about 98, is rich in both 
strictly preserved sequences and epitope expression in most 
of the species surveyed. This evolutionary conservation of the 
N-termina! domain suggests an important yet unknown func- 
tion,— Collet, X., Y. L. Marcel, N. Tretnbiay, C. Lazure, R. W, 
Milne, B. Penret, and P. K. Weech. Evolution of mammalian 
apolipoprotein A-l and consen f ation of antigenicity: correla- 
tion with primarv and secondary structure./ Lipid Res. 1997. 
38:634-644. 
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Apolipoprotein A-l (apoA-I), the principal protein 
constituent of high density lipoprotein (HDL) (I), is 
believed to be important in plasma cholesterol trans- 
port (2 and see review 3), and lecithin: cholesterol acyl- 
transferase (LGAT) activation (4). Human apoA-l con- 
sists of a single 243 residue polypeptide (1) and its 
primary structure has also been determined in many 
species such as cynomolgus monkey, rat, rabbit, 
chicken, dog, pig, cow, and recently in the mouse (5- 
7 and see review 8). A high degree of homology was 
observed between the sequences from these different 
species (6-10). Panels ' of monoclonal antibodies 
(mAbs) have been raised against human apoA-I (11, 
12). and we have recently described the mapping of the 
antigenic sites for 29 mAbs on human apoA-I ( 13) . The 
mapping of the epitopes on the primary sequence of 
apoA-I is important because mAbs have proven to be 
useful probes of apoA-I conformation at the stirface of 
HDL (14, 15). Given the variety of mAbs available, we 
wanted to elucidate which mAbs cross-react with differ- 
ent animal species. These antibodies are very useful re- 
agents to study apoA-I structure and, in some cases, the 
species sequence differences may help to map the resi- 
dues that contribute to antigenic sites. Therefore, we 
present here data on I) the cross-reactivity of 20 mAbs 
with apoA-l from 13 mammalian species, 2) a list of con- 
served antigenic epitopes, 3) new partial amino-acid se- 
quences of apoA-l from some species studied and their 
alignment with the known apoA-I, 4) the sequence con- 
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Abbreviations: apoA-I. apolipoprotein A-l; HDL high density lipo- 
protein mAb, monoclonal antibody. 
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sensus thai emerged, and 5) a comparison of t he cc-heli 
ces in an Edmunson wheel representation. 



MATERIALS AND METHODS 

Isolation of lipoproteins 

Blood from different species was obtained at the 
Eeole Nationale Veterinaire (Toulouse. France) and 
collected on disodium EDTA. (I ing/ml). Plasma was 
separated by low speed ccntrifugaiion at 1000 g. for 20 
min at;4 e G. Sodium azidc (0.01%) and phenyhiiethyl- 
sulfonyl-fluoride (I m»i) were immediately added and 
die samples were stored at -80°C under nitrogen. The 
lipoproteins were prestained with Sudan Black and sep- 
arated by discontinuous gradient ultracentrifugation 
(16. 17). 

Monoclonal antibodies (mAbs) against apoA-I and 
competitive radioimmunoassays 

All the mAbs used in the present study have been de- 
scribed (1-3) and were obtained from mice immunized 
with human apoA-1 or HDL (11. 12). Solid phase radio- 
immunoassay of apoA-1 without Tween 20 was carried 
out as described earlier (15). 

Dot-blot 

The interaction between monoclonal antibodies and 
the apoA-I from different species was studied by spot- 
ting onto nitrocellulose 2 jig of HDL protein in 2 p.1. 
The nitrocellulose paper was saturated with 3% poly- 
vinylpyrrolidone (44,000 mo! wt; BDH Inc., Montreal. 
Quebec) in Tris-bnlfered saline (1 h»S7°C) and further 
processed as described previously (IB). Autoradiogra- 
phy was performed on XAR-5 film (Eastman Kodak Co., 
Rochester, NY) with an intcnsifier screen (Croncx; Du- 
Pom Instruments, Wilmington, DE). images were digi* 
tized and volume integration of immunoreactive dots 
was made using a Molecular Dynamics Computing Den- 
sitometer, with correction for the background adjacent 
to each blot. 

Purification and CNBr treatment of 
apolipoprotein A-I 

ApoHDL (20 ug) from different species were electro- 
phoresed in a 15% aciylamide gel (18). The proteins 
were transferred onto nitrocellulose and apoA-I was 
identified by imimmoreacuon. To determine internal 
amino acid sequences, apoA-J was treated with cyano- 
gen bromide (CNBr) as described previously (11). 
ApoA-1 was eluted from the membranes with 500 |il of 
formic acid (98%), diluted with water to 70%, and 2.5 
mg of CNBr (25 mg/ml) was added. The mixture was 




Fig. I. SDS>PAG£ of'unimal 111)1. protein (10 jig) Hoctrmrimsfeml 
onto niu'ocHliilose iitul stained with Ponceau r«H. 



purged with nitrogen for 2 min and incubated over- 
night in the dark at room temperature. The polypep- 
tide fragments were separated as described before and 
electrotransferred to PVDF membranes (Immobilon) 
(M). 

Analytical techniques 

Complete protein sequences of human (APA INHU- 
MAN), cynomolgus monkey (APA1 JV1ACFA), hama- 
dryas baboon (APA1 J'APHA), rat (APAI_RAT), 
rabbit (APAKRABIT) , chicken (APA1 jCH'ICK) , 
dog (APAJ JOAN FA) , bovine (APA'l JJOVFN), pig 
(APA1JMG), and mouse (APA1 JtfOUSE) apoA-1 were 
from the SWISS protein sequence Data Bank (version 
25). New amino acid sequences presented here were 
determined using an Applied Biosystems 470A se- 
quencer with on-line PTH amino acid identification, 
Proteins were measured according to the method of 
Lowry et al. (19). 



RESULTS 

The lipoproteins from 13 animal species have been 
separated by discontinuous gradient ccntrifugaiion and 
the H DL were isolated. After SDS-PAGE separation, ani- 
mal HDL proteins were electrotransferred onto nitro- 
cellulose and stained with Ponceau Red. A major band 
of molecular weight of about 28,000 Da was visible in 
each sample (Fig. 1). Twenty three mAbs were tested 
for their reactivity with various apoA-I and HDL by dot- 
blot and Western blot. All the mAbs reacted with hu- 
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man apoA-L The hiAbs generally showed less reaction 
with HDL Frohi the animal species than with human 
HDL in dot blots (Fig. 2A)» and the same ranking order 
of re activity was seen for animal apoA-I on. Western blots 
after SD&PAGE (Fig. 2R). While some species gave a 
strong reaction similar to human HDL, other species 
gave either weaker reactions or no detectable reaction 
over the background. The ranking order of reactivity of 
animal HDL was characteristically different for most, of 
the mAbs. Out of the SO -different antibodies and the 
1.3 different species, we found complete different pat- 
terns of reactivity (Fig. 3 and Table 1) . Thus a panel 
of different mammalian HDL allows rapid screening to 
identify differences among antibodies with unique spec- 
ificities. Antibodies 1HL A 10, and 4AI2 reacted 
only with human, rhesus, and cynoinolgus apoA-L The 
mAb 4H1 recognizes a single linear epitope in the 
amino terminal region of human apoA-I spanning resi- 
dues 2-8 (Hi) (Fig. 8 and Table I). The antibody 4H1 
requires a specific amino acid (Pro) in position 3 or 4, 
that, is absent in the majority of species other than hu- 
man (through deletion or mutation). Serine in position 
6 appears important, as a substitution (Sere -» Thr) led 
to a low i mm uno reactivity with apoA-l from the cyno- 
molgus and rhesus monkeys. This was verified by 
competition radioimmunoassay, in which apoA-I from 
cynomolgus and rhesus HDL was about 20-fold less 
hnmimoreactive with 4H1 than with that of human 
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Fig. 3. Epitope map of apolipoproicin A-l and comparison of the immunoreactivicy of 20 monoclonal antibodies with the apoA-1 of different 
animal species. The data are consistent with bot h dot-blots of HDL and SOS-PACE Western blots of HDL. Filled squares, immunoreaction with 
intensity comparable 10 the human sample (range 50-100% in Table 1); hatched squares, immuuoreacuVity with intensity less than the human 
sample (range 10-49% in Table 1); and open squares, no significant immunoreaction (0-9% in Table V). 



TAB1X I. lmmunorcactivity of apoA-1 in different species relative to that in humans 
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Comparison of the tmmunorcactivity of 20 monoclonal antibodies with the apoA-1 of different animal species. The data arc consistent 
with both dot blots of HDL and SDS-PAGE Western blots of HDL. Images were digitked and surface integration of the immunoreaciive dots 
was made using a Molecular Dynamics Computing Densitometer, with correction for the background adjacent to each blot. 
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Fig. 4. Comparison oi' the imniunoreaciivhy of human, cynomolgm, 
rhesus monkey, and nibbil HDL with monoclonal antibody 4H 1 by 
competitive radioimmunoassay. 



(Fig. 4), In the middle of the apoA-I sequence, a substi- 
tution Asp m — * Glti was found sufficient to eliminate 
any reactivity of this epitope for mAb AI 1 (residues 99- 
105 . . , 126- 1 32) in six species (rabbit, cow, goat, sheep, 
rat, and guinea pig) , whereas all species with Asp to* have 
highly reactive HDL. Antibody Al 7 which reacts with an 
epitope overlapping with All but which is more de- 
fined to the sequence 98-112, displays the same speci- 
ficity, further supporting the role of Aspi 02 . Asp, 0 * 
appears important also for antibody 3G10 which recog- 
nizes fragments 98-103 and 1 10-119 and is immunore- 
acuve with the different species recognized by mAb All 
with the exception of the pig (Fig. 3). In addition to 
Aspios, two other amino acids, Ala^ and Lys IO f>, could be 
involved in the immunoreactivity of mAb A 1 1. 1 mmu no- 
reactive species with 3G10 express alanine or glutamine 
at position 95 and pig does not. However, pig also ex- 
presses Asn IO f, instead of lysine (Fig. 5). 

In order to obtain some sequences of apoA4 frag- 
ments from goat, sheep, cat, and horse, which are not 
yet available, apoA-I were treated by CNBr. Different 
fragments were separated by electrophoresis. As previ- 
ously described, apoA-I CNBr fragmentation was incom- 
plete (not shown). Two. gels were run in parallel, one 
was used for silver staining and the other was blotted 
with mAb A05. This antibody was shown to react with 
all species except for the rat and the guinea pig (see 
Table 1), and it is specific for human apoA-l CNBr frag- 
ment 2 (12). Amino acid sequences were determined 
after electro transfer of the apoA-I CNBr fragments onto 
membranes. The apoA-I sequences from some species 
are presented in Fig. 5. We obtained for the goat and 
sheep, sequences at the NH 2 terminus (residues 1-13 
and 1-21, respectively) and also for the goat, sheep, and 



cat, sequences starling from position 86 (8b- 1 15, 86- 
116, and 86-111, respectively), and corresponding u> 
CNBr fragment 2. Concerning horse apoA-l, one frag- 
ment was sequenced between residues 148 and 178, in 
CNBr fragment 2. 

ApoA-I contains about the same number of basic resi- 
dues, 28, and of acidic ones, 20. The NH 9 terminus of 
apoA-I contains many more basic residues (10 out of 
the first 51 amino acids) than acidic ones (3 residues). 
The protein contains 54 conserved hydrophobic resi- 
dues (22%). Although the hydrophobic amino acids are 
distributed over the entire protein, there is, however, a 
greater concentration at the NH 2 terminus (18 of the 
first 60 residues). It is noteworthy that there are 3 con- 
servative and consecutive hydrophobic amino acids 
VYV at positions 17-19. The two sequences most con- 
served in all species (18 and 13 amino acids) and where 
only homologous substitutions occur, are between resi- 
dues 22-39 and 47^59. The sequences for which a strict 
conservation has been noted in eight different species 
are mostly (bund in the N-terminal half and include res- 
idues 17-19 (as noted above), residues 23-26, residues 
32-34, residues (NLEKET) at positions 74-79, and resi- 
dues 88-90. There are also a number of short amino 
acid sequences that are well conserved (64-68, 86-90, 
96-99, 101-105, 115-119, 191-196, 203-209, and 216- 
224). This preponderance of well-conserved sequences 
in the N-terminal region is compatible with the well- 
conserved immunoreactivity of N-terminal epitopes in 
the different species. Indeed, out of seven epitopes 
characterized toward the IM-terminus. only 4IT1 and 
2G1 1 react with only 3 and 4 species, respectively, while 
the others react with 9 or more species. Particularly 
noteworthy are antibodies 2F1 and A05 whose epitopes 
overlap between residues 8-82 and 25-82, and which 
react with 11 and 12 species out of the 14 tested. As 
indicated above, it is within this sequence that are found 
strictly conserved sequences (residues 17-19, 23-26, 
32-34, and 74-79) and the sequence 46-51 which is 
also strictly conserved in all species but the mouse, 
where a conservative substitution, Asp48 to Glu. occurs. 

We attempted to compare the conservation of differ- 
ent helical segments of apoA-I among various species as 
designed by Brasseur (20) using the Edmunson-vvheel 
diagram (Fig. 6). The loop formed between helices I 
and 2 has the sequence-XGPXT- where X represents 
a hydrophobic amino acid (residue 61-68) and con- 
tains no charged amino acids (Fig. 5). Another se- 
quence- UULXPXL- (where U represents an un- 
charged amino acid, H. Q, S, or G) in the loop between 
helices 7 and 8 (residues 216-222) displays no ionized 
residue. A very interesting conservation is observed in 
the helix 167-184 where there is a very well-conserved 
global charge upon two turns of the wheel (Fig. 6). In 
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position 172 there is a glutamic acid (red color) in dog, 
rat, and mice, and a glutamine in human, cynomoigus 
monkey, rabbit, cow, chicken, and pig, whereas in posi- 
tion 179 there is a glutamic acid in human, cynomoigus, 
rabbit, cow, chicken, and pig and a glutamine (dog), 
a threonine (rat) and an alanine (mice) (uncoiored). 
However, the comparison of sequences using the Ed- 
munson-wheel diagram did not help to further identify 
the epitopes and their conservation, possibly owing to 
the earlier report that most epitopes in this region of 
apoA-I appeared centered around the turns (13) . 



DISCUSSION 

Epitopes may depend on protein conformation as 
well as amino acid sequence and for that reason, com- 
parison of primary structure does not always allow us to 
uniquely assign each epitope. Furthermore, most char- 
acterized protein epitopes are composed of discontinu- 
ous regions of polypeptides (21-23), and this has been 
observed for many apoA-f epitopes, especially in the N- 
terminal half (13). Although the antibodies analyzed 
here did not include mAbs specifically selected to react 
with linear epitopes as described recently by Curtiss and 
Banka (24), wc have identified, by comparison of se- 
quences and epitope expression in different species, 
specific residues that are critical to the expression of 
several epitopes. 

hi the present study, we have compared apoA-I 
from different animal species that differ from human 
apoA-l only by a few amino acids. These differences 
have been used to map the residues that contribute to 
the immunogentcity of apqA-i. Pro, has been shown to 
be essential for the expression of the 4H1 epitope. It is 
noteworthy that this region of the sequence is hypervari- 
able, as natural mutants have been described with pro- 
line deletion at position 3 or 4 of human apoA-I (9). 
This antibody may be useful to detect these natural mu- 
tations in human apoA-I. Several mouse mAbs react 
with overlapping epitopes spanning the residues 80- 
140 (Fig 3). This region represents the main immuno- 
genic region of apoA-l as suggested by Curtiss and 
Banka (24) using the Chou and Fasman algorithms (25) 
for prediction of antigenicity. We had also shown earlier 
that several epitopes are centered around the a-helix 
predicted between residues 99-121 (13), a region that 
we proposed to be a hinge domain (26) . Three epitopes 
overlapping this sequence have been further deline- 
ated: Asp w is essential to the expression of the epitopes 
for both A l l and A17, whereas the epitope for 3G10 
requires not only Aspio, but also Ala*,* and/ or Asn t06 . 
The antigenicity of this domain can be explained by its 



mobility and accessibility to proteolysis (27). Down- 
stream of this sequence. Ehnholm and colleagues (28) 
identified a mAb that reacts with normal apoA-1 but not 
widi a genetic variant of apoA-l (GIu 136 -» Lys). This 
point mutation induced a lack of immunoreactivity of 
the mAb with the epitope located between residues 1 13 
and 148. Indeed residue : 136 is close to a proline at posi- 
tion 139 which is thought to interrupt the amphipathic 
helix. This is in keeping with our earlier report (13) that 
many of the helix breaking regions of apoA-1 constitute 
antigenic domains. Downstream of the putative hinge 
domain between residues 121 and 180, there is little in 
the way of consensus sequences or even consensus resi- 
dues although most of the substitutions are conservative 
(Fig. 5). There is also little conservation of epitopes be- 
tween species and no other epitope could be further 
delineated (Fig. 3). 

We have observed that, in contrast in the N-terminal 
half of apoA-I, a number of epitopes are expressed con- 
sistently in most of the species studied (Fig. 3) and thus 
appear conserved through evolution. The strict conser- 
vauon of a number oi sequences distributed in this re- 
gion probably explains the epitope conservation in the 
N-terminal region. With the exception of antibody 4H1, 
most epitopes at the extreme N-terminus have been 
shown to be discontinous (13) . The presence of the dis- 
continuous epitopes is also compatible with the observa- 
tions arid model of Nolte and Atkinson (29) who noted 
that the N-lerminus domain (residues 1-57) contains 
the most ambiguously defined secondary structures. 
The model of the N-terminal region presented by these 
authors very interestingly suggests a complex tertiary 
structure based on am phipath jc fj-sheet whe re som e of 
the strictly conserved sequences (residues 17-19 and 
42-44) are found that are separated by random coil 
sequences also strictly conserved (residues 23-26 and 
46-51). 

The natural selection that favors the conservation of 
functionally important proteins is a widely accepted 
idea in evolutionary theory'. The antigenicity index of 
an important and invariant functional domain in pro- 
tein is very low whereas the regions outside the func- 
tional domain vary and can be highly antigenic. As well, 
primary structures, and thus antigenic epitopes, that 
may have important metabolic functions are conserved 
in a variety of species. In keeping with this principle, 
Nelson et al. (30) noted that epitopes spatially located 
near the recognition site of apoB have a greater ten- 
dency to be conserved in a variety of animal species, a 
result confirmed by Young et al. (31). The carboxyter- 
minal region with its two a-helices at residues 189-206 
and 222-239 is a highly conserved part of the apoA-1 
molecule (Figs. 5 and 6), and only two antibodies have 
been reported to bind to this region (32). This low anti- 
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genicity may be related to the evolutionary preservation 
of this segment. Alternatively, the carboxyl terminal do- 
it rain that is the main lipid binding domain (33) may 
also have undergone many silent mutations which, 
while preserving. its functionality, i.e.. the amphipathic 
characteristics of a- helices, did not preserve the immu- 
itoreactivity. In contrast, it is clear from the summary 
of cross-species expression of epitopes in Figs. 3 and 5, 
that there is a highly presetted set of overlapping epi- 
topes in the N-terminal domain, essentially between res- 
idues 25 and 82. This may reflect the conservation of a 
domain with a complex tertiary structure which must 
serve an important but yet unknown function. 

Analysis of evolutionary relationships among difTer- 



ent apoA-i sequences shows that apoA-I is a highly con- 
served protein (7-9). The major ambiguity in any se- 
quence alignment concerns the insertions that arc 
required to improve the overall alignment. The inser- 
tions and/or deletions generally occur in the more vari- 
able loop regions of the structure. Estimates of substitu- 
tion rates show that apoA-l evolved about 25% faster 
than an average gene in mammalian lineage as already 
calculated by Januzzi etal. (6). However, all portions 
of the coding regions evolve at roughly similar rates, 
suggesting that global conformation is conserved. This 
is corroborated by a conservation of the substituted 
amino acids of similar character (Fig. 5) . 

In conclusion, we have identified in this report the 
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mAbs that cross-react with apoA-1 of different animal 
species and defined further some of their epitopes. This 
enables us to select the mAbs thai are appropriate for 
studies of apoA-I in animal species, to define more pre- 
cisely some antigenic sites, and, finally, to identify con- 
served structures in apoA-I. This approach may help us 
to understand die evolution of apoA-I and other ex- 
changeable apolipoprotems.flfl 
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ABSTRACT Two synthetic peptides inclusive of the NH r 
terminal N-aceryl-Giy-Asp-Val-Glu tetrapeptide of mammali- 
an cytochrome c (cyt c) were used in this study to address the 
question of whether mammals can respond immunologically to 
an evolutionarily conserved region of a protein. These peptides 
were assessed for their capacity (i) to act as immunogens for 
the production of anti-self cyt c antisera and (it) to bind rabbit 
anti-rodent cyt c antibody. The findings from these studies in- 
dicate the existence of an immunogenic determinant in an evo- 
lutionarily conserved region of cyt c that contains residues 1~ 
4. This determinant can induce anti-self cyt c antibodies 
whether presented as a peptide on * carrier protein or in the 
context of the intact molecule as polymerized mammalian cyt 



A commonly accepted view of the antigenicity of a protein is 
that the predominant epitopes correspond to those regions 
where the immunizing protein differs in amino acid sequence 
from the homologous protein of the immunized animal (1). 
This concept Mowed directly from the phenomenon of in> 
munological tolerance, if B ceils having specificities for 
structures on self proteins are aborted or rendered tolerant, 
then only those B ceils having specificities for foreign anti- 
genic determinants should remain in a state that can be acti- 
vated (2). This is obviously an oversimplification in that T 
ceils and macrophage processing probably have a large ef- 
fect on which parts of a protein will be antigenic in a particu- 
lar host. Nonetheless, data obtained from recent studies, 
most notably with cytochrome c (cyt c), continue to support 
the hypothesis (3-6), Thus, for example, three different 
groups (4-6) found that the antigenic determinants on horse 
cyt c, as recognized by rabbits, correspond to three regions 
of the molecule— namely, around resides 44, 60, and 89/92, 
where horse and rabbit cyt c differ in amino acid sequence. 

In apparent conflict with the hypothesis was the observa- 
tion that antibodies could be elicited in rabbits against their 
own cyt c if the molecule was appropriately presented to the 
immune system by polymerization with glutaraldehyde or by 
coupling to bovine IgG (7), conditions that may circumvent 
T<eU-mediated tolerance. The antibodies produced against 
the self antigen appeared to bind in the same region as the 
antibodies that were previously produced against foreign cyt 
c and, hence, were apparently directed to evolutionarily 
variable regions (8). 

Recent evidence from many laboratories has indicated 
that synthetic peptides that represent regions within proteins 
could be used as representative immunogens for those re- 
gions (9-13). We constructed two synthetic peptides corre- 
sponding to an evolutionarily conserved region that includes 
the NH 2 -terminal tetrapepude of mammalian cyt c to use as 
probes to identify potential autoantigenic sites within con- 
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served regions of cyt c. Both peptides were assessed for 
their capacity to act as immunogens for the production of 
anti-self cyt c antisera and to bind rabbit anti-rodent cyt c 
antibody. The findings from these studies indicate the exis- 
tence of an immunogenic determinant in an evolutionarily 
conserved region of cyt c that contains residues 1-4. This 
determinant can induce anti-self cyt c antibodies whether 
presented as a peptide on a carrier protein or in the context 
of the intact molecule as polymerized mammalian cyt c. 

MATERIALS AND METHODS 

Native Protein Antigens. Mouse cyt c was a gift from 
Emanuel Margoiiash (Northwestern University, Evanston, 
ILj. All other cyt c used in this study, including rat cyt c, 
which is identical in sequence to mouse cyt c (14), was pur- 
chased from Sigma. 

Cyt c is only weakly immunogenic in monomeric form 
(15); thus, for immunization it was used either polymerized 
with 0.1% glutaraldehyde by the method of Reichlin et aL 
(15) or conjugated to the immunogenic carrier protein bovine 
IgG. Two procedures were used for generating immune re- 
sponses in rabbits. In one case, a primary immunization of 
glutaraidehyde-polymerized rat cyt c (100 fig) in complete 
Freund's adjuvant was followed in 3 wk with the same anti- 
gen in incomplete Freund's adjuvant. In the other proce- 
dure, cyt c (100 Mg) coupled to bovine IgG with glutaralde- 
hyde (16) was used for the primary immunization followed in 
2r-3 wk by polymerized cyt c. 

In antibody assays, the proteins were used as simple solu- 
tions of their crystalline monomeric form. 

Design and Preparation of Peptide Antigens. Two peptides 
that correspond to the following segments of rabbit cyt c, 
residues N-acetyl-(l-9)-tyr, with sequence GHjCO-Gly- 
Asp-Val-Glu-Lys-Gly-Lys-Lys-lle-Tyr-OH (peptide A) and 
residues Ar-acetyi-(l-4)-Gly-(97-i00), with sequence 
CH 3 eO-Gly-Asp-Val-Gtu-Giy-Tyr-Leu-Lys-Lys-OH (pep- 
tide B), were synthesized by Peninsula Laboratories (San 
Carlos, CA). The. composition of the peptides was confirmed 
by amino acid analysis: peptide A (Gly, 2.04; Asp, 0.96; Val, 
0.82; Olu, 0.85; Lys, 3.15; lie, 0.68; Tyr, 0.78), peptide B 
(Gly, 2:06; Asp, 0.93; Val, 0.81; Giu, 0.87; Tyr. 1.09; Leu, 
1.06, Lys, 2.19). The rationale for the construction of these 
peptides was as follows: the residues on an antigen encom- 
passed by an antibody-combining site probably depend on (i) 
the size of the site, (it) which residues of the antigen are im- 
munodominant , and 070 the spatial orientation of the anti- 
body relative to the antigen. On examination of the three- 
dimensional structure of the horse cyt c (17), it was deduced 
that the presentation of the NH 2 -terminaJ residues 1-4 of cyt 
c to the antibody-combining site might involve residues 5-9 
or 97-100 depending on the orientation of cyt c. Therefore, 
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we attempted to design peptides that would mimic these two 
different surface presentations of the potential antigenic site 
at the NH 2 terminus. Two analogues of these peptides in 
which a cysteinyl residue was incorporated between the N- 
acetyl end group and the first residue, glycine, were also 
synthesized for us by Peninsula Laboratories for studies on 
structural recognition. 

To monitor the conjugation of the peptides to carrier pro- 
teins for assays and immunization of animals, we used I- 
labeled peptides in analytical trials. The amino acid se- 
quence of cyt c contained in the peptide A^acetyH.l-4)-Gly- 
(97-100) included a tyrosine residue to which the l25 I could 
be covalently attached. Since the first nine residues of cyt c 
do not include tyrosine, it was added to the carboxyl termi- 
nal end of peptide 1-9, The NH 2 -terminal end of each pep- 
tide was blocked with an acetyl group because N-acetylation 
occurs naturally in vertebrate cyt c as a post-translational 
modification (18). 

A peptide that represents the common segment in the two 
peptides described above— i.e.. N-acetyl-(l-4)— -was syn- 
thesized by us on a polyamide resin (Chemical Dynamics, 
South Plainfield, NJ) with a cleavage-resistant sarcosyl-eth- 
ylene diamine spacer arm using N-o-fluorenylmethyloxycar- 
bonyl amino acid derivatives, tert-butyl side-chain protect- 
ing groups for the side-chain carboxylic groups, and stan- 
dard coupling procedures (19, 20). The Af~cr-fluorenylmethy£ 
oxycarbony! group was cleaved by 20% piperidine between 
couplings and the NH 2 terminus of the peptide was A/-acety- 
lated before siderchain deprotection using 10% acetic anhy- 
dride and 10% diisopropylethylamine in dimethylformamide. 
Side-chain protecting groups were cleaved by 2 M HBr in 
acetic acid/trifluoroacetic acid (1:1) with the fully deprotect- 
ed peptide remaining attached by its COOH terminus to the 
resin. The composition of the completed peptide was con- 
firmed by amino acid analysis (Gly, 0.95; Asp, 1.10; Vai, 
0.89; Glu, 1.14), 

Subsequent RIA of this peptide was performed with the 
peptide still covalently attached to the polyamide resin by 
the procedure of Smith et aL (21). RIAs of the antisera on the 
polyamide resin alone and on a peptide corresponding to re- 
gion 41-46 in rodent cyt c, which was attached to the resin, 
were also performed to assess binding that is not antigen spe- 
cific. Binding of nonspecific antibodies to the peptides was 
measured with preimmune rabbit immunoglobulin (15 
Hg/ml) prepared from the ahtisera of control rabbits by am- 
monium sulfate fractionation. 

Samples of dry peptide/polyamide (1 mg) were swollen 
and washed 3 times with 0.1 M borate buffer (pH 8.5) con- 
taining Tween 20 (0.2%) and NaCi (1 M). Affinity-purified 
rabbit antibodies from hyperimmune antisera were diluted 
with this buffer containing 0.5% bovine serum albumin to an 
antibody concentration of 15 Mg/ml. Antibody binding was 
detected with l25 I-labeled goat anti-rabbit IgG. 

In addition to the synthetic peptide antigens described 
above the three major cyanogen bromide-cleaved fragments 
of mouse cyt c — namely, residues 1-65, 66-80, and 81-104 — 
were prepared from the native protein as described (22). 

Coupling the Peptide to Carriers. The synthetic peptides 
used were coupled to polypeptide carriers. For assay pur- 
poses, the carriers were bovine serum albumin (Sigma) and 
poiy-L-lysine (Af r , ~260,000; Sigma) and for immunization 
purposes bovine IgG (Pentex, FII, Miles) was the carrier 
protein. 

To couple the peptides to carriers using 0.1% glutaralde- 
hyde, carrier (5 mg) and peptide (1 mg) were dissolved in 1 
ml of 0.1 M ammonium acetate (pH 7.0). Glutaraldehyde was 
added slowly with stirring to a final concentration of 0.1% 
and was allowed to react for 2 hr at room temperature. The 
reactants and products were separated by dialysis; in some 
experiments, further purification by chromatography with 



Sephadex G-100 was necessary. Using m I-iabeIed peptides 
as a tracer, we determined that the efficiency of coupling for 
both peptides was 209^-30% and 5-10 molecules of each 
peptide were coupled to each carrier molecule. 

New Zealand Red rabbits were primed and given booster 
injections with 375 n% of the peptide-protein conjugate by 
injection into positions along the back intradermal^ and in 
the hind footpads. The primary dose was an emulsification in 
complete FreumTs adjuvant, and the secondary dose was 
given in incomplete FreumTs adjuvant; animals were bled 2- 
4 wk later. 

Solid-Phase Antibody Binding Assays. Antisera were exam- 
ined for antigenic specificity using EUSA (23) and solid- 
phase RIA (24). Anusera were incubated on antigen-coated 
96-well plates at various dilutions. The plates were devel- 
oped using goat anti-rabbit IgG, which was cither conjugated 
to horseradish peroxidase (ELISA) or labeled with l25 l 
(RIA). To determine whether antisera contained different 
antibody populations specific for each peptide antigen, anti- 
sera were preincubated on a plate coated with one peptide, 
and unbound material was then assayed for binding to the 
other peptide by the procedure described above. In some 
experiments, the antibodies were purified prior to assay by 
affinity chromatography on rodent cyt c covalently coupled 
to cyanogen bromide-activated Sepharose 48 (25). 

Antibody titers were determined using either an RIA or 
ELISA. The principles of these assays are identical except 
for the detecting signals. The antigens used to assess anti- 
body binding were rat cyt c and the two peptides repre- 
sentative of the NH2 terminus of cyt c coupled to carrier 
polypeptides. To measure nonspecific binding, the carrier 
polypeptide alone and bovine serum albumin were used. As 
an index of the reactivity of each antiserum, the ratio of the 
binding of antibodies to each peptide over its binding to cyt c 
was calculated as follows: 

% reactivity = 

cpm bound to peptide on carrier - cpm bound to carrier 
cpm bound to cyt c - cpm bound to bovine scrum albumin* 

The values used in this calculation were taken at serum 
dilutions at which antibody bound was not saturating. 



RESULTS 

The Iromunogenicity of a Peptide Including Residues 1-4 of 
Mammalian cyt c. Serum from a New Zealand Red rabbit 
immunized with peptide N-acetyKl-4)-Gly-(97-100) cou- 
pled to bovine IgG was tested by both ELISA and RIA for 
binding to both the homologous peptide and the peptide ;V- 
acetyl-<l-9)-Tyr, each coupled to polylysine, as well as to 
intact mammalian cyt c. The results of such an assay using 
affinity-purified antibodies on the peptides are shown in Fig. 
1. It can be seen that this antiserum contained antibodies 
that bound to the homologous peptide A/-acetyl-(l-4)-Gly- 
(97-100) and to the peptide A/-acetyl-(l-9)-Tyr. The antisera 
induced by peptide AT-acetyl-(l-4)-Gly-(97-100) also includ- 
ed antibodies that bound to intact rodent cyt c (Fig. 2). Thus, 
it appears that immunization of rabbits with a peptide includ- 
ing the first four residues of mammalian cyt c can give rise to 
antibodies that bind to a region of the molecule evolutionari- 
ly conserved throughout mammalian species (26) and hereto- 
fore believed to be immunologically silent. 

To provide further evidence for this specificity, solid- 
phase RIAs were carried out with antibodies affinity purified 
on mouse cyt c. A variety of species variant cytochromes 
and synthetic peptides coupled to polylysine were used as 
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12 3 4 

Antibody dilution, 10* 

Fic, 1- RIA of affinity-purified antibodies to AJ-acetyl-(l-4K 
Gly-(97-100) coupled to bovine IgG on N-acetyi-a-4H5Iy-<97-100)- 
polylysine (d), N-acetyKW)-Tyr-polyiy$ine (o), or polylysine (•). 

antigens (Fig. 3). The antibodies cross-reacted with a panel 
of cyt c from various mammalian sources, all of which are 
acetylated arid are homologous for residues 1-4. There is lit- 
tle reactivity to two cyt c from the yeasts Saccharomyces 
and Candida. (Fig. 3a), which are not acetylated and have 
little homology in this region (26). The reactivity of the anti- 
body to tuna cyt cy in which alanine replaces glutamic acid at 
residue 4 in the molecule, is significantly lower than to the 
other vertebrate cytochromes; however, the avian cytt* 
chromes, which also have one amino acid substitution in this 
region (isoleucine replaces valine at position 3), show com- 
plete reactivity to antibodies to N-acetyl-(l-4)-Gly-{97-100). 

The binding of the antibodies to A^acetyHl-9)-Tyr and TV- 
acetyHl-4)-Gly-(97-100) could be blocked by incorporating 
a cysteinyl residue in the peptide between the N-acetyl end 




1 2 3 4 5 

Antiserum dilution, 10" 

FtO; 2. ELISA of rabbit antisera to iV^cetyl-(l-4Kily-<97-100) 
coupled to bovine IgG on mouse cyt c (a) or bovine serum albumin 
(•). 

group and glycine, the first residue (Fig. 3b). In addition, 
preadsorption by either peptide removed the population of 
antibodies available for binding to the other peptide (Fig. 
3b) . This indicates that the specificity of these antibodies re- 
sides in the common four residues of these peptides— i.e., 
/VVacetyHl-4). That these antibodies can in fact bind to a 
peptide of this length was confirmed by synthesizing this 
peptide on a polyamide resin by the method described in Ma- 
terials and Methods, which enables the peptide to be as- 
sayed while still attached to the solid-phase resin (21). Fig. 
3c shows antibody specifically bound to the peptide iV-ace- 
tyHlr4) attached to resin compared to nonspecific binding 
to the resin alone. Nonspecific binding to control peptide 
representing region 41-46 in cyt c showed similar levels to 
the polyamide control (results not shown). Nonspecific rab- 
bit antibodies showed no significant binding to either the res- 
in or the resin-attached peptides. 
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Flo. 3. RIA of affinity-purified rabbit anti-/V-acetyKX-4>431y-(97-100) on different panels of antigens. Values shown were obtained from 
dilutions of antibody preparations that gave less than saturated binding, (a) Eukaryotic cyt c. (b) Synthetic peptides coupled to polylysine. A, 
^-acetyW-9).Tyr-ppJylysine; B, N^acetyI-a-4K}ly-(97-100)-polylysine; Cys A, ?V^cetyl-C^l-9)-Tyr-poIylysiiie; Cys B, N-acetyi-Cys-d- 
4Kily-<97-100>polyrysine; blank, polylysine. (c) Synthetic peptide tf-accryKl-4) covalenUy attached to a polyamide resin through its COOH 
terminus. 
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Tabic 1. Reactivity with NH r terminal peptides of four rabbit 
ami sera to polymerized mouse cyt c 

% reactivity with peptides 

Antiserum N-acetyl-(l-9)-Tyr N-acetyl-(l-4)-G]y-<97-100) 



91 
72 
69 
8 



95 
67 
49 
5 



Antiserum 1: First immunization and booster injection was glutar* 
aldehyde-polymerized mouse cyt c. Anttscra 2 and 3; First immuni- 
zation was glutaraldehy de-polymerized conjugate of bovine IgG and 
mouse cyt c; booster injection was glutaraldehyde-polymerized 
mouse cyt c. Antiserum 4: Obtained from Urbanski and Margoliash 
(3); soluble fraction from gjutaraldehyde-polymerized mouse cyt c 
used for i 



That antibodies to MacetyKl^HjlyK^-lOO) were spe- 
cific for the first four residues of the peptide was further 
demonstrated by removing all reactivity to cyt c and pep- 
tides ^-acetyi-(l-4)-GiyK97-100) and N-acetyHi--9)-Tyr by 
preadsorption on /y-acetyl-(l-4) covalently bound to the 
polyamide resin. Adsorption of the antibodies by poiyamide 
resin alone or control peptide 41-46 had no effect on the 
reactivity of the antibodies to these antigens. 

It should be noted that a rabbit immunized with peptide N- 
acetyl-(l-9)-Tyr coupled to bovine IgG produced antibodies 
that were strongly reactive with peptide N-acetyMl-9)-Tyr 
but were weakly reactive with the peptide rV-acetyl-(l-4}- 
Gly-(97-100) and not reactive at all with intact mouse cyt c 
(results not shown). 

Antibodies to Polymerized Rodent cyt c Are Reactive with 
Residues 1-4. The above findings demonstrate not only that 
a peptide displaying a self antigenic determinant could be 
immunogenic, but also that such a peptide could be an excel- 
lent probe for detecting the presence within an antiserum of 



an antibody population to a given region of a protein. We 
therefore examined several antisera generated in rabbits by 
immunization with various forms of rodent cyt c to deter- 
mine whether antibodies to the region of 1-4 were present 
but heretofore undetected. We generated antisera from three 
rabbits: one by immunization with polymerized rat cyt c and 
two by a primary immunization with rat cyt c coupled to 
bovine IgG followed by immunization with polymerized cyt 
c. The fourth antiserum was obtained from £. Margoliash 
and was one of the antisera previously tested by Urbanski 
and Margoliash for reactivity to regions of cyt c (3). All four 
antisera contained reactivity to both peptides and the reac- 
tivities to the peptides of antisera 1, 2, and 3 (raised in this 
laboratory) are considerably greater than that of antiserum 4 
(prepared by Urbanski and Margoliash) (Table 1). This is 
possibly due to differences in the immunization procedures 
used in the two studies. Although polymerized cyt c was 
used both by us and by Urbanski and Margoliash, a much 
larger quantity of immunogen (5 mg) was used for each im- 
munization in the latter study (3). In addition, the degree of 
aggregation of cyt c used in our work was much greater; in- 
deed, our immunogen contained particulate material, where- 
as the other workers used only soluble complexes for immu- 
nization. It is likely that polymerization causes alterations in 
the polypeptide that could result in changes within potential- 
ly immunogenic determinants. In addition, New Zealand 
Red rabbits were used in our study, whereas New Zealand 
White rabbits were used by Urbanski and Margoliash. 

The recognition of the NH 2 terminus by the antisera raised 
in our laboratories was further delineated by assessing bind- 
ing to various antigens. The results obtained for all three 
antisera were similar and are exemplified in Fig, 4, which 
represents the analyses of antiserum 1 (Table 1). It can be 
seen that these antibodies recognize all tested vertebrate cy- 
tochromes, which are identical at the NH 2 terminus but do 
not recognize yeast cytochromes, which have considerably 
different NH 2 termini (26) (Fig. 4a). Furthermore, the anti- 
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Fig. 4. RIA of rabbit antiserum (antiserum 1 in Table 1) to polymerized rat cyt c on different panels of antigens. Values were obtained from 
dilutions of antibody preparations that gave less than saturated binding, (a) Eukaryotic cyt c. (b) Antigens coupled to polylysine. Mouse cyt c, 
CNBr-cleaved fragments from mouse cyt c 1-65. 66-60. 81-104. and polylysine control (blank), (c) Synthetic peptides coupled to polylysine. A, 
N-acetyKl-9>Tyr-polylysine; B, N-acetyHl-4)-G!y-(97-100)-polylysine; Cys A, tf-acetyl-Cys-(l-9>-polyly$ine; Cys B, A^-acetyl-Cys-(l-4>- 
Gly-(97-100)-polylysine; blank, polylysine. 
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gcnicity is predominantly located in the region of residues 1- 
65 shown by the binding of the antibodies to cyanogen bro- 
mide-cleaved fragments of cyt c, each of which are coupled 
to polylysine to ensure that the peptides bind equally well to 
the plates (Fig. 4b). Finally, the reactivity can be isolated to 
residues 1-4 because preadsorption of the antibody on either 
peptide removes the reactivity of the anti-cyt c antibodies to 
the other peptide (Fig. 4c), and the inclusion of a cysteinyl 
residue between the iV-acetyl end group and residue 1 in 
both Af.acetyHl-9)-Tyr and N-acetyHl-4)-Gly.(97-100) 
blocks binding (Fig. 4c). 

DISCUSSION 

In this study, we have used synthetic peptides representative 
of the NHrterminal sequence of mammalian cyt c to ask 
directly whether mammals can respond to an evolutionary 
conserved region of a protein. The results indicate that one 
such peptide can elicit antibodies in rabbits that recognize 
not only the immunizing peptide but two other peptides that 
contain the same four NH r termmal residues as well as na- 
tive rabbit cyt c. Furthermore, these peptides were used to 
show that antisera raised in rabbits immunized with rodent 
cyt c include antibodies against this evolutionariiy conserved 
region. The levels of this population of antibodies vary 
among different antisera and may depend on the strain of 
rabbit used and the degree of aggregation of cyt c used for 
immunization. 

The NH r terminal region of mammalian cyt c represents 
not only a highly conserved region of a mammalian protein 
but also a region that heretofore had been thought to be non- 
immunogenic. It should be noted, however, that reactivity to 
this region of cyt c may arise from circumstances that are 
consistent with the hypothesis that conserved regions of pro- 
teins are not, in general, immunogenic (8). The immunoge- 
nicity of mouse cyt c has been shown to involve residues 44, 
62, and 89X3), The NH 2 terminus of the cytochrome mole- 
cule is in topographic proximity to one of these immuno- 
dominant residues— in feet, residue 1 is «6 A from residue 
89. What.we may be detecting, therefore, with synthetic pep- 
tide iv*-acetyKl-4) are antibodies to a topographic determi- 
nant on the intact protein that includes both the NHrtermi- 
nal region and residue 89. Such a situation is thought to 
occur with myoglobin where surface residues, which are re- 
mote in sequence from the short contiguous sequences orig- 
inally proposed by Atassi as representing the total antigenic- 
ity of the molecule (27), have been clearly identified as being 
involved in the antigenic sites of this protein (28). If this is 
the case, the primary response to this determinant on poly- 
merized cyt c may, in fact, be stimulated by the evolutionari- 
iy variant residue 89. 

It is also possible that the chemical reaction of polymeriza- 
tion required for increasing immune responses to cyt c may 
cause disturbances in polypeptide folding, which then trigger 
an antibody response. The NH 2 -terminal segment of cyt c 
may be more susceptible to this kind of conformational alter- 
ation than other regions of the molecule, possibly allowing 
for breaking of tolerance at the B-cell level. Alternatively, 
tolerance at the T-cell level could be broken through confor- 
mational alteration of T-cell determinants at other sites on 
cyt c, in which case the relative immunogenicity of the First 
few residues may be a consequence of their presentation as 
an exposed terminus that is available for "end on u recogni- 
tion by the immunoglobulin receptor on B cells. Such recog- 
nition has previously been found to be important in antibody 
binding for carbohydrates (29). Evidence for this view is pro- 
vided by the observation that none of the antibodies that rec- 
ognize the NH 2 terminus of cyt c binds to the peptides ex- 



tended by an NHrterminal cysteinyl residue. Such an addi- 
tion would be expected to markedly affect end on recog- 
nition but to interfere less with recognition of determinants 
within the peptide sequence. 

The studies presented here not only confirm the work of 
many others in demonstrating the utility of synthetic pep- 
tides for the study of the immunogenicity of defined regions 
of proteins but also extend this approach to the analysis of 
potential reactivities to self determinants. 

It is clear that further studies using synthetic peptides con- 
structed of regions that are conserved in contrast to those 
that are not conserved both as immunogens and as assay 
probes for antibodies against intact molecules will be highly 
useful in elucidating heretofore undetected antigenic regions 
in proteins. 
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Folmer Fredslund 1 , Nick S Laursen 1 , Pietro Roversi 2 , Lasse Jenner 1,7 , Cristiano L P Oliveira 3,4 , 
Jan S Pedersen 3,4 , Miles A Nunn 5 , Susan M Lea 2 , Richard Discipio 6 , Lars Sottrup- Jensen 1 & 
Gregers R Andersen 1 ' 4 

To provide insight into the structural and functional properties of human complement component 5 (C5), we determined 
its crystal structure at a resolution of 3.1 A. The core of C5 adopted a structure resembling that of C3, with the domain 
arrangement at the position corresponding to the C3 thioester being very well conserved. However, in contrast to C3, 
the convertase cleavage site in C5 was ordered and the C345C domain flexibly attached to the core of C5. Binding of the 
tick C5 inhibitor OmCI to C5 resulted in stabilization of the global conformation of C5 but did not block the convertase 
cleavage site. The structure of C5 may render possible a structure-based approach for the design of new selective 
complement inhibitors. 



Human C5 is a 196-kilodalton protein that is pivotal in the comple- 
ment system and is cleaved by the C5 convertase to the small 
anaphylatoxin C5a (residues 678-751) and the large C5b fragment. 
The binding of C5a to the G protein-coupled receptor C5aR triggers 
intracellular signaling, which results in chemotaxis, a respiratory burst 
and release of proinflammatory mediators from granulocytes 1,2 . In 
addition to C5aR, C5a can also be recognized by the homologous 
w C5L2 receptor, a nonsignaling receptor for C5a. The function of 
® C5L2 is enigmatic, as it has been ascribed both an anti-inflammatory 
^gfgv function 3 as well as a function in promoting inflammatory 
mSHresponses to C5a in vivo 4 . The C5b fragment first combines with 
^^the C6 protein and then with the C7 protein to initiate the for- 
mation of the membrane attack complex (MAC) in the membrane of 
invading microorganisms 5 . The C5bC6C7 complex can integrate into 
phospholipid membranes, but transmembrane channels are first 
formed when the C8 protein joins the complex 6 ; the resulting 
C5bC6C7C8 intermediate initiates C9 circular polymerization 7 . The 
final assembly consists of either a monomer or dimer of C5bC6C7C8 
with 10-18 subunits of C9 arranged in a transmembrane tubular 
structure, creating a hole about 100 A in diameter 8 . 

Human C5 is specifically cleaved at Arg751-Leu752 by the classical 
pathway C3 convertase C4bC2a or by the alternative pathway con- 
vertase C3bPBb; however, these convertases cleave C5 efficiently only if 
an additional C3b molecule is deposited covalently on the conver- 
tases 9 " 11 to form either C3bC4bC2a or (C3b) 2 PBb. OmCI is a 
17-kilodalton protein from the soft tick Ornithodoros moubata that 
binds directly and tightly to C5 (ref. 12) and prevents convertase 



cleavage of C5 into C5b and C5a. Recombinant OmCI is a likely 
candidate as a complement inhibitor 13 . The development of C5- 
specific inhibitors is desirable, as only the terminal complement 
components would be affected, whereas the beneficial immuno- 
protective and immunoregulatory effects mediated by 'upstream' 
complement components would remain functional 14,15 . 

C5 is homologous to the complement proteins C3 and C4 and 
other proteins of the ob-macroglobulin (ot 2 M ) 'superfamily' but does 
not contain an internal Cys-Gln thioester bond 16 . The structures of 
C5a and the carboxy-terminal C345C domain of C5 have been 
determined by nuclear magnetic resonance 17,18 . The structures of 
human C3 (ref. 19) and bovine C3 (ref. 20) suggest that all members 
of the oc 2 M superfamily would have a similar architecture. However, as 
the shielding of the thioester from water in C3 seems to be the 
main organizing principle for the a-chain of C3 and presumably 
other thioester-containing proteins in the family, the structure 
of C5 could be somewhat different from that of C3 and unique in 
the family. The structure of the insect thioester protein TEP 21 has 
shown that the arrangement of the MG1-MG6 domains can be 
very different from that of C3 (refs. 19,20) or C3b 22,23 . To provide 
an accurate structural basis for delineating the functional and struc- 
tural features of C5, we present here the crystal structure of C5 
together with a solution scattering-based model of the C5-OmCI 
complex. Our results offer a molecular 'scaffold* for the rational 
design of CS-specific inhibitors aimed at preventing undesired 
complement responses in a variety of disease conditions and after 
organ transplantation. 
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Data collection 












Space group 


P3j 


P3!21 


P3i21 


P3j21 


P3t21 


Cell dimensions 












a, c (A) 


144.3, 241.0 


144.3, 241.0 


143.8, 244.6 


144.6, 242.5 


144.2, 240.9 


Resolution (A) 


30-3.1 


30-3.1 


50-4.6 


50-4.6 


50-4.5 




(3.21-3.1) 


(3.21-3.1) 


(4.8-4.6) 


(4.8-4.6) 


(4.8-4.5) 


R 

sym 


0.040 


0.049 


0.106 


0.122 


0.155 


(0.574) 


(0.648) 


(0.237) 


(0.353) 


(0.48) 


I / al 


13.5 (1.3) 


18.1 (1.8) 


9.4 (4.4) 


10(2.9) 


7.2 (2.2) 


Completeness (%) 


96.9 (85.6) 


98.3 (89.0) 


77.2 (74.3) 


99.6 (100) 


94.7 (96.6) 


Redundancy 


1.4 (1.1) 


3.2 (2.9) 


2.6 (2.7) 


2.6 (2.6) 


2.2 (2.1) 


Refinement statistics 












Resolution (A) 


30-3.1 










Reflections 
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B-factors 
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Ligand / ion 
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r.m.s.d. 
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RESULTS 

The crystal structure of C5 

We determined the crystal structure of human C5 with a combination 
of anomalous data from three heavy-atom derivatives and molecular 
replacement (Table 1 and Supplementary Fig. 1 online). Like C3 and 
TEP, C5 contains eight MG domains (MG1-MG8), a CUB domain, 
the C5d domain (structurally homologous to the thioester-containing 
E domain in C3 and TEP), the C5a domain (also called 'anaphyla- 
toxin', not present in TEP) and an extended linker region packed 
between MG1-MG2 and MG4-MG6 (Fig. 1 and Supplementary 
Fig. 2 online). The linker and C5a form a continuous insert in the 
MG6 domain, whereas C5d is inserted in the CUB domain. The 
MG1-MG6 domains are arranged into a right-handed 'superhelix', 
whereas CUB, C5d and MG8 pack tightly into a 'superdomain* 
(Fig. lb-d). The MG1-MG6 superhelix is connected with the CUB- 
C5d-MG8 superdomain through the MG7 domain, and C5a, located 
between MG3 and MG8, acts as a molecular wedge between the two 
structural blocks. We traced all residues between Glu20 and Cysl676 
(prepro-C5 numbering used throughout; a value of 18 should be 
subtracted for numbering of mature C5) except for the loop regions 
744-748, 872-881 and 1387-1398. There are two molecules of C5 in 
the asymmetric unit and in one of these, C5-1, the C345C domain is 
placed on a pseudo-twofold noncrystallographic symmetry axis 
(Supplementary Fig. lb), which almost perfectly relates the two 
copies of the C5 core, residues 20-1515, to each other. Here it contacts 
the MG7. domain and comes near loop regions in C5a, the MG8 and 
the MG3 domains (Fig. la). In the second C5 molecule in the crystal, 
C5-2, weak residual density suggests that the C345C domain is located 
in a way more similar to its placement in C3. Indeed, we obtained a 
molecular-replacement solution that positioned the C345C domain in 



the crystal lattice in a C3-like placement and 
also satisfied the disulfide bridge Cysl532- 
Cysl606. However, only weak scattered density 
was present for the domain, and therefore the 
C345C domain of C5-2 is not included in the 
structure deposited at the protein data bank of 
the Research Collaboratory for Structural 
Bioinformatics. A flexibly attached C345C 
domain in C5 is supported by our biophysical 
data (discussed below) and, despite being 
traceable, the C345C domain is also relatively 
mobile in the structures of C3, C3c and 

C35 19,20,22,23 The C345C domain and me 

MG8 domain are linked by the anchor region 
1516-1532. The C345C domain is also linked 
by the anchor region to the MG7 domain 
through two disulfide bridges (Cysl527- 
Cys866 and Cysl532-Cysl606; Supplementary 
Fig. lc). The C5-1 helix containing residues 
1522-1531 swivels by roughly 180° around 
the Cysl527-Cys866 disulfide bridge to accom- 
modate the altered orientation of the C345C 
domain in C5-1 relative to that of C5-2 
and C3. 

By comparing C3, TEP and C5, it became 
evident that these molecules have two main 
structural units. The first main unit is the 
MG1-6 superhelix; by comparison of C5 and 
bovine C3, 307 common C a atom positions 
overlay with a r.m.s.d. of 1.88 A (Fig. lb). In 
TEP, these domains have a much more open 
arrangement 21 , as MG3 compensates for the absence of the anaphy- 
latoxin by interacting extensively with the MG7 and MG8 domains 
(Fig. lc). The second main structural unit is the CUB-C5d-MG8 
superdomain, which has very similar packing in C5, C3 and TEP 
(Fig. Id). In this superdomain, 418 or 347 C a positions superimpose 
with r.s.m.d. values of 1.54 A or 1.80 A by comparison of C3 with C5 
or of TEP with C5, respectively. However, we noted a rotation of 9° of 
the MG1-6 superhelix relative to the CUB-C5d-MG8 superdomain in 
C5 compared with C3, but the MG2 domain seemed to maintain its 
interface with the C5d domain as in C3 and TEP. In summary, except 
for the C345C domain, the global architecture of C5 is similar to that 
of native C3 (refs. 19,20), as suggested before by neutron scattering 24 . 

The C5d-MG8 domain interface 

Our C5 structure showed in atomic detail that the thioester is not a 
prerequisite for a C3-like MG8-thioester domain interaction. In 
human C5, Serl007 and Ala 1010 correspond to the thioester-forming 
cysteine and glutamine residues, respectively, in C3 and other thioester 
proteins. Despite the absence of the thioester in C5, the interaction of 
the MG8 domain with residues 1007-1010 in C5d was unexpectedly 
similar to the equivalent packing of the MG8 and thioester domains in 
C3 and TEP (Fig. 2). In the two thioester-containing proteins, highly 
conserved residues from the two domains ensure a solvent-excluded 
environment for the thioester 19-21 . In C3, the water- free environment 
protects the molecule from hydrolysis before activation by the C3 
convertase, which releases C3a and induces a substantial conforma- 
tional rearrangement 19 ' 22,23,25 . On the basis of sequence conservation, 
it has been suggested that a similar arrangement of the thioester 
and the MG8 domains would apply to all proteins of the a 2 M 
superfamily ,9,2 °. The idea that this domain-packing arrangement 
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Figure 1 The structure of human C5. (a) Crystal structure of C5, with domains named as 
in C3 (ref. 19). The C5-1 molecule in which the C345C domain can be located is used 
throughout. The moiecule is rotated 180 a vertically between the left and right orientations. 
The colors of the domains are as in the structure-based alignment (Supplementary Fig. 2). 
(b) Superposition of the MG1-MG6 domains of C5 (teal) and C3 (orange), (c) Superposition 
of the MG1-MG6 domains of TEP (magenta) and C5 (teal), (d) Packing of the CUB, 
thioester-C5d and the MG8 domains in C5 (teal), C3 (orange) and TEP (magenta). 
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could be thioester independent has also been indicated by the 
native-like conformation of a mutant C3 unable to form the 
thioester, but C4 made mutant in the same way does not attain such 
a conformation 26 . 

However, important differences between C3 and C5 are evident, 
probably caused by the less stringent requirements for a water-free 
environment in C5. Despite the very similar architecture of the two 
molecules, the domain interfaces between the thioester-C5d and MG8 
domains with the rest of the molecule are much more hydrophobic in 
EjlC3 than in C5, although the buried surface areas are similar (Supple- 
^^mentary Table 1 online). Of special interest are three residues in C3 
and TEP that pack together and directly face the thioester linkage 
(Fig. 2). These form a hydrophobic 'plug* separating two components 
in thioester cleavage: C3-Tyrl445 and TEP-Tyrl252 face bulk water, 
whereas C3-Tyrl481 and TEP-Tyrl287 prevent the catalytic 
C3-Hisll25 and TEP-His951 from moving toward the thioester. 
Between these two flanking residues, C3-Metl399 and TEP-Metl210 
directly face the thioester. With very few exceptions, these three 
residues are strictly conserved in all the thioester-containing proteins 
but not in C5. As there is no thioester to protect in C5, these residues 



are replaced by Glnl463, Hisl421 and Hisl499 from the MG8 
domain, which are the equivalents of C3-Tyrl445 and TEP-Tyrl252, 
C3-Metl399 and TEP-Metl210, and C3-Tyrl481 and TEP-Tyrl287, 
respectively. Overall, the high conservation of this domain interface in 
C3, TEP and C5 even in the absence of thioester suggests that all 
proteins of the oc 2 M superfamily adopt a very similar domain interface. 

The anaphylatoxin and the convertase binding site 

In both C3 (rets. 19,20) and C5, the anaphylatoxin is folded into a 
four-helix bundle packed between the MG3 domain, the MG8 domain 
and the future a'-chain 'downstream 1 of the convertase cleavage site 
(Fig. 3a,b). In human C5, the loop between helices 2 and 3 contains 
the only unpaired but nonconserved cysteine of C5 (residue 704) and 
interacts with MG8 and the later C5b a'-chain. A genetic screen of the 
C5a receptor has shown that this cysteine is juxtaposed with residues 
24-30 in the amino-terminal extracellular part of C5aR and, on the 
basis of additional disulfide bridges between mutant C5a and C5aR, a 
model for the C5a-C5aR complex has been suggested 27 . Notably, the 
proposed receptor interface of C5a is similar to the regions interacting 
with MG3, the a'-chain and MG8 (Fig. 3c), although these regions 



Figure 2 The C5d-MG8 domain interfaces in C5 
and the corresponding interface in C3 and TEP. 
(a) Packing of the MG8 (green) and the C5d 
(gray) domains in C5 around Serl007 and 
Ala 1010. (b) The region in a at the thioester (TE) 
formed by Cysl009 and Glnl012 in bovine C3 
(orange) superimposed onto the C5d domain of 
C5 (green and gray, as in a), (c) The thioester 
formed by Cys838 and Gln841 in TEP (light 
blue) and in C5 (green and gray). In b and c, the 
catalytic histidine residues 1125 and 951 are in 
the foreground. 
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Figure 3 The C5a anaphylatoxin in C5. (a) Accessibility of the convertase site in C5 (teal) and C3 (orange), influenced by packing between C5a and the 
MG3 domain, (b) Packing of C5a (red) with the future ami no-terminal end of the C5b a'-chain (gray), the MG3 domain (blue) and the MG8 domain (green). 
A Cd 2+ ion (wheat-colored sphere) is coordinated by the a'-chain and the MG3 domain. Glyco, glycosylation at Asn741. (c) Surface of C5a (red; residues 
749-751 not presented) in two orientations differing by a vertical rotation of 180 J . Residues within 4 A of the rest of C5 are pink; six residues identified as 
being part of the C5a-C5aR interface 27 are wheat-colored, (d) Electron density around the convertase site. The nature and position of the Cd 2+ ion can be 
verified from the anomalous-difference map (red density) contoured at 6 a. A simulated annealing omit 2mF 0 - DF C electron-density map (gray) is contoured 
at 1 a. Residues 262-264, 749-753 and the Cd 2+ ion are omitted. *, residual density that may contain a water molecule linking the Cd 2+ ion with Glu262. 
Modeling of Arg751 in this density places the positively charged side chain as a ligand to the Cd z+ ion and is therefore less likely. 



have no expected structural homology with C5aR. The burial of 
receptor-interacting surface areas of C5a in C5 presumably helps to 
prevent interactions between C5 and C5aR before C5 cleavage. 

The greater complexity of the C5 convertase relative to that of the 
C3 convertase is mirrored by the difficulty in generating C5a by 
proteolysis with nonspecific proteases relative to the generation of C3a 
from C3 (ref. 28). In C5, the convertase cleavage site Arg75 1 -Leu752 is 
much more ordered than that of C3, with only residues 744-748 
upstream' being disordered (Fig. 3); in contrast, the cleavage site itself 
is disordered in both human and bovine C3 (refs. 19,20). Crude 
docking of a C2a molecule (the catalytic subunit of one of the two C5 
convertases) onto C5 indicated that the residues flanking Arg751 must 
undergo a substantial conformational change to accommodate 
Arg751-Leu752 into the catalytic site of the protease and that the 
C345C domain cannot be located in the position it takes in the C5-1 
molecule during C5 cleavage. In agreement with those results, small- 
angle X-ray scattering (SAXS) data showed that the C5 conformation 
^ noted in C5- 1 is not the predominant conformational state in solution 
^2fkv (discussed below). The conformation of the convertase site may be 
yfrynfluenced by a nearby Cd 2+ ion (Fig. 3b,d), but the inclusion of Cd 2+ 
^^ions does not influence tryptic cleavage of C5 (L.S.-J., unpublished 
data). In the absence of the Cd 2+ ion, Arg751 might engage in salt 



a 



a 

s 



JQ 
3 

a 

D 
-»-> 



o 

CM 



bridges with the highly conserved Glu262 and Asp264 (Fig. 3b,d), 
whereas in the crystal structure, it is kept in position by the main- 
chain atoms of Gly750. 

In addition to the direct binding of Arg751-Leu752 to the catalytic 
sites of C2a or Bb, other regions in C5 interact with the C5 
convertases. Recognition of C5 by C3b is a requirement for the 
cleavage of C5 by the C5 convertase 11 . Residues 1628-1633 in the 
C345C domain must be in direct contact with the C5 convertase, as a 
peptide mimicking this region prevents cleavage of C5 by the classical 
pathway convertase 17,29 ; in addition, a C3b-binding site has been 
assigned to C5d 28 on the basis of antibody-inhibition studies. Other 
regions involved in convertase recognition may be identified from 
visualization of the residue conservation of the surface of C5. Many 
conserved residues in the C5d, CUB and the MG8 domains gather at 
the 'top' of the molecule (Fig. 4a,b). Additionally, a fairly large cavity 
with contributions from domains MG2, MG6, MG7, CUB and C5d 
(Fig. 4c) is likewise notably conserved. A similar cavity is present in 
C3 and most likely in C4 as well, but it is considerably smaller in 
C3 because of the closer approach of the MG7 domain, which in C5 is 
rotated 13° away from C5d relative to C3 (Fig. 4d). A smaller 
conserved patch formed by regions from MG1, MG5 and the linker 
region is also present at the 'bottom' of C5 and faces the same side of 




Figure 4 Conserved surface areas of C5. (a) In the two main orientations from Figure 1, orange areas are identical in seven C5 sequences, green areas are 
identical in six of these, and gray areas are identical in less than six sequences. Boxed area below outlines a highly conserved surface patch, (b) Above, top 
view of conserved residues in the superdomain of C5, which together with the nearby mobile C345C domain may form binding sites for C3b. Below, surface 
representation in the same orientation with the domains in colors as in Figure 1. (c) Enlargement of the large conserved cavity in the center of the molecule 
in a. (d) Cavity in C5 (teal) and in C3 (orange). Both c and d are in the same orientation. 
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Figure 5 Solution structure of C5. (a) Left, C5-1 molecule from the crystal 
structure (teal, core C5; wheat, C345C domain); middle, C5 fitted to SAXS 
data with two rigid bodies, including the distance restraint Cys866- 
Cysl606; right, C5 modeled with the C345C domain in a C3-like location, 
(b) Native gel electrophoresis of the 'titration' of C5 with OmCI; above lanes, 
molar ratio of C5 and OmCI. Samples were incubated for 1 h at 37 J C 
before electrophoresis, except the far left lane, incubated for 1 h at 4 J C. 

the molecule as C5a (Fig. 4a). Although these three areas are far apart 
and span almost all of C5, they may all be involved in recognition by 
the C5 convertase in combination with the region in the C345C 
domain known to be important for convertase action 29 . The con- 
vertase is a very large macromolecular complex with dimensions that 
must be even larger than those of C5. 



^jkvThe C5-OmCI complex 

■SjpThe soft tick complement inhibitor OmCI has been suggested to 
^inhibit C5 cleavage by competing with the C345C domain and 
dislodging it from the C5 core, thereby preventing recognition of C5 
by C5 convertase 30 . The crystal structure, native gel electrophoresis 
and our SAXS data indicated the opposite mechanism (Fig. 5 and 
Supplementary Fig. 3 online). In the absence of OmCI, the C345C 
domain is flexibly attached to the core of C5 in an exposed position 
different from that of either C5-1 or C3, consistent with the smeared 
C5 band obtained by native gel electrophoresis (Fig. 5b) and its 
activity in the crystals. In the presence of OmCI, the SAXS data 
showed that despite having a higher molecular weight, the complex 
has a smaller radius of gyration in solution than in the absence of 
OmCI, which indicates that the C345C domain is more closely 
associated with the core of C5 in the C5-OmCI complex. In agreement 
with those results, the complex formed a well-defined and raster 
migrating band in the native gel (Fig. 5b). 'Dummy' atom modeling 
of the C345C domain and OmCI in the C5-OmCI complex on the 
basis of the SAXS data suggested that they are located near each other 
at the distal end of the CUB-C5d-MG8 superdomain (Supplementary 
Fig. 3d). Surface plasmon resonance measurements (Supplementary 
Fig. 3e) supported the idea of direct interaction between OmCI and 
the core of C5, as the isolated C345C domain did not interact with 
OmCI in these experiments. Either contacts with the core of C5 are 



needed to induce the correct conformations in the C345C domain and 
OmCI for their mutual interaction to take place, or they do not 
interact directly. In the surface plasmon resonance experiments, OmCI 
and C345C were able to bind C5 and C7, respectively, which showed 
that they had maintained overall native conformations. Notably, C7 
was able to interact with the C5-OmCI complex (Supplementary 
Fig. 3e), which suggested that the C7 recognition patch on the C345C 
domain remains exposed when OmCI is bound to C5. In support of 
the idea of proximity between OmCI and the C345C domain, the 
interaction between C7 and the C5-OmCI complex seemed to be 
blocked by OmCI-specific polyclonal antibodies. 

Binding of the complement inhibitor Efb to C3 leads to more 
nonspecific cleavage of C3 by trypsin 31 , but we noted the opposite 
effect after binding of OmCI to C5, as the C5-OmCI complex was 
cleaved more slowly by trypsin than was C5 alone (Supplementary 
Fig. 4 online). The peptide bonds Lys879-Ser880 and Argl392- 
Glyl393 in the MG7 and MG8 domains, respectively, are less 
accessible to trypsin cleavage in the C5-OmCI complex. Both these 
sites are in disordered unmodeled regions of the C5 structure, and 
although the 'dummy' atom modeling of the C5-OmCI complex 
suggested that OmCI could shield the Argl392-Glyl393 bond directly, 
this is less likely for the Lys879-Ser880 peptide. This suggests an overall 
stabilization of the C5 a-chain in the C5-OmCI complex relative to 
that in C5. As the MG7 domain is linked by the anchor region through 
disulfide bridges to the C345C domain, the MG7 domain may become 
more tightly associated with the CUB-C5d-MG8 superdomain, as in 
C3 (Fig. 4d), after the locking of C345C in the C5-OmCl complex. 

Collectively, our studies have shown a C345C domain that can 
adopt a variety of different locations relative to the C5 core. The 
solution-scattering data for C5 showed that the C345C domain is 
unlikely to be solely responsible for the interaction of C5b with other 
MAC subunits (Supplementary Fig. 5 online). Given the flexible 
attachment to the rest of C5, this would probably not be sufficiently 
discriminatory against native C5 (discussed below). 

DISCUSSION 

The structures of C3, TEP and C5 have allowed us to deduce common 
principles of the structural properties of proteins in the a 2 M super- 
family. First, all the domains originally defined in C3, except for the 
C3-, C4- and C5-specific anaphylatoxin and C345C domains, are 
structurally conserved. Second, the packing of the CUB-C5d-MG8 
domains is conserved in the uncleaved state of these proteins and is 
not dependent on the thioester. Instead, this domain arrangement 
protects the thioester very efficiently and is probably required for 
formation of the thioester 20 . Third, the quaternary structure of the 
MG1-6 superhelix is variable, and although it seems relatively rigid 
during the transition from C3-C3b to C3b-C3c 19,22 ' 23 , a substantial 
conformational change in the MG1-6 superhelix may occur in other 
members of the a 2 M superfomily after proteolytic activation, as 
suggested by the structure of TEP 21 . The structures of C3 and C5 
may be extrapolated to C4. The sequence identity is 26-29% for pairs 
of the three proteins; hence, C4 can be expected to show deviations 
from C3 or C5 of the same order of magnitude as those noted between 
C3 and C5. The core of C4 probably has a structure very similar to 
that of C3 and C5, and its C345C domain may be in a defined 
location, as in C3, or flexibly attached to the core, as in C5. 

Our studies have shown that the C345C domain in C5 can be 
present in at least three different locations. In C5-1 of the crystal 
structure, it is located near C5a and blocks access to the convertase 
site, whereas in solution, the C345C domain makes little interaction 
with the core of C5 and does not block the convertase cleavage site. In 
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complex with OmCI, the domain seems less flexible and located closer 
to the core of C5, and in the C5-2 molecule of the crystal structure it is 
probably located in a C3-like location. The flexibility of the C345C 
domain may be important during convertase recognition of C5, in 
which the domain interacts directly with the convertase 17 * 29 . A 
requirement for C345C flexibility and accessibility also suggests 
that OmCl inhibits convertase action by stabilizing the C345C domain 
in a fixed position, and our trypsin digestion experiments have 
indicated that binding of OmCI also leads to an overall con- 
§> formational stabilization of the C5 oc-chain. How often the C345C 

0 domain comes near C5a as in the C5-1 molecule in vivo remains an 
| open issue, as the interaction between the C345C domain and the 
£ C5-1 core seems to be strongly stabilized by crystal packing. A 
£ Cd 2+ ion surrounded by His894 and Gln886 from the MG7 domain 

1 and GIul589 from the C345C domain, all of which are highly 
conserved residues, is important in the interface. Whether a 

g divalent ion binds here in vivo is unknown, but if absent, its 

0 function may be provided instead by electrostatic interactions 
■2 and hydrogen bonds between side chains from the MG7 and the 
5 C345C domains. 

1 When C5b is formed, it is present in a metastable conformation that 
5 must react within minutes with C6 to form the essentially irreversible 
§ C5bC6 complex 32 , which further associates with C7. C5b aggregates in 
* the absence of C6 (ref. 33), whereas C5 is highly soluble and 
§" monomeric, so the transition from C5 to C5b must expose new, 

2 large, surface-exposed interaction sites that contact C6 and C7, which 
^ suggests that the a-chain in C5 undergoes a substantial conforma- 
.£ tional change after cleavage in a way similar to the C3-to-C3b 
» transition 19 * 22,23 . Electron microscopy of MAC has shown that club- 

3 shaped monomeric or dimeric leaflets extend 140-150 A from the rim 
CL of the MAC barrel, which consists mainly of C5b 34 . The C6, C7, C8 
2 and C9 components are embedded in the MAC tubule, whereas 
|j C5b can be released from MAC by chaotropic reagents 8 . Proteolytic 
2 stripping 35 and photolabeling 36 with a lipid-restricted photoprobe of 
© C5bC6C7 has indicated that whereas the a'-chain of C5b is near the 
w membrane, the p-chain is located at a greater distance from the 
® membrane. The most likely overall orientation of C5b in the MAC 

complex is therefore with the P-chain pointing away from the MAC 
gjfcore and the a'-chain pointing toward it. The C345C domain in C5 
^^interacts with the factor I modules of C7 and possibly also with the C6 
factor I modules 37 , and the C7 factor 1 modules probably also interact 
with the C345C domain of C5bC6 during MAC assembly 38 . In 
agreement with a published model of C5b6 and C5bC6C7 (ref. 37), 
regions of C5 beyond the C345C domain must be involved in 
interaction with the other MAC subunits. Otherwise, the dislodged 
C345C domain we noted with solution scattering in C5 would 
probably not be sufficient to discriminate against MAC formation 
with native C5. In C3b, the CUB-thioester domain pair is fairly flexible 
relative to the rest of the molecule, and the thioester domain interacts 
with MG1 through a relatively small interaction area 22 * 23 . By negative- 
stain electron microscopy, it has been shown that a metastable 
intermediate of C3 obtained after thioester cleavage has the CUB 
and the thioester domains completely detached from the p-chain of 
C3 (ref. 25). In that study, a C3b-like conformation with the thioester 
domain contacting the P-chain was noted only after a specific time of 
incubation 25 . In C5, a similar flexibility may be used to propel the C5d 
domain toward the C345C domain and the other MAC subunits, 
rather than toward the MG1 domain, but a C3b-like conformation 
may develop if C5b fails to initiate MAC assembly. 

There is a considerable need for therapeutic agents to block 
undesired complement activation in various disease conditions, 



including ischemia, paroxysmal nocturnal hemoglobinuria, systemic 
lupus erythematosus and inflammation 14,15 , and to prevent rejection 
of transplanted organs 39 . In this context, C5 is an important target, 
as a C5 inhibitor selectively allows inhibition of the C5b and 
C5a-mediated responses while leaving the rest of complement un- 
affected. OmCI is not the only possible C5 inhibitor being investi- 
gated. The complement-specific drug eculizumab is an antibody 
directed against C5 (ref. 15) and is an effective agent against 
paroxysmal nocturnal hemoglobinuria. Combination therapy with 
this antibody and cyclosporin also results in long-term graft survival 
in a mouse cardiac allograft model 40 , which suggests its potential 
usefulness in clinical transplantation. The structure of C5 represents a 
unique opportunity for accurately identifying surface patches on the 
molecules that might be targeted for the development of other 
C5 inhibitors. The example of OmCI shows that binding of a molecule 
to regions of C5 distant from the cleavage site can lead to convertase 
resistance due to rearrangement and/or stabilization of the structure 
or steric hindrance with the convertase. 

METHODS 

Purification and characterization. C5 was purified as described 41 or as follows, 
at 4 U C unless otherwise stated. Three aliquots of human plasma {300 ml each) 
were separately mixed with an equal volume of buffer A (20 mM Tris, 20 mM 
NaCl, 5 mM EDTA, 2 mM benzamidine and 200 ug/1 of pancreatic trypsin 
inhibitor, pH 7.7). The plasma portions were separately precipitated in the 
2-7% PEG 6000 fraction and were centrifuged for 15 min at 4,400g. The 
precipitates were resuspended in 100 ml buffer A and were centrifuged. 
Supernatants were sequentially loaded on a DEAE Sepharose Fast Flow column 
(5 cm x 50 cm) equilibrated in buffer A. Between loadings, the column was 
washed with 100 ml buffer A. The column was washed with three volumes 
of buffer A and samples were eluted with a 2,000- ml linear gradient of 
20-300 mM NaCl. Pooled fractions were loaded on a Sephacryl S-300 (5 cm x 
100 cm) equilibrated in buffer B (25 mM KH 2 P0 4 , 100 mM KC1, 25 mM 
e-amino-caproic acid and 200 ug/1 of pancreatic trypsin inhibitor, pH 7.4). 
Fractions containing C5 were loaded on a Hydroxyapatite HT Biogel column 
(5 cm x 15 cm; Bio-Rad) and were washed with 300 ml buffer B alone and 
500 ml buffer B containing 2 M NaCl. Bound C5 desorbed from the column 
when the ionic strength was decreased and was eluted with 120 ml buffer B. 
Pooled C5-containing fractions were dialyzed against 20 mM HEPES and 
100 mM NaCl, pH 7.5, were applied to a Mono Q 10/100 column and were 
eluted at 20 °C with a 44-ml linear gradient of 20-750 mM NaCl. Fractions 
containing C5 were mixed with an equal volume of 20 mM Tris and 1 M 
Na 2 S0 4 , pH 7.7, then were loaded on a 9-ml Source 15-Phe column 
equilibrated in 20 mM Tris and 0.5 M Na 2 S0 4 , pH 7.7, at 20 °C and were 
eluted with a 60-ml linear gradient of 0.5-0 M Na 2 S0 4 . For native gel 
electrophoresis of C5, 15 ug C5 in 20 mM HEPES and 100 mM NaCl, pH 
7.2, was incubated for 1 h at 37 with increasing molar ratios of OmCI. 
Samples were loaded on a 10-20% standard Tris-glycine gel prepared without 
SDS, were separated by electrophoresis for 2 h at 10 mA and were visualized by 
staining with Coomassie brilliant blue G-250. For trypsin digestion, 100 pi C5 
(1 mg/ml in 20 mM HEPES and 100 mM NaCl, pH 7.2) was mixed with 100 pi 
trypsin (0.01 mg/ml) purified on a benzamidine Sepharose column (assumed 
to be 50% active at time of use). The mixture was incubated at 20 y C, and 20- pi 
samples were removed at intervals and mixed with 1 pg pancreatic trypsin 
inhibitor. Prewarmed SDS sample buffer containing dithiothreitol was added 
and samples were incubated for 3 min at 100 °C. A volume of 20 pi was loaded 
on 10-20% SDS gradient gels. In one experiment, C5 was mixed with OmCI 
(1.8 molar excess) before the addition of trypsin. 

Surface plasmon resonance. Measurements were made on a Biacore 2000 with 
reagents supplied by the same company. C5 and C7 were from Calbiochem. 
Recombinant OmCI, polyclonal rabbit antibody to OmCI IgG and recombi- 
nant C5-C345C were produced as described 13 ' 42 . OmCI and C345C were 
immobilized by amine coupling to a Biacore sensor chip CMS as recommended 
by Biacore. All experiments were done at 20 °C in 0.01 M HEPES, pH 7.4, 
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0.15 M NaCl and 0.005% (vol/vol) surfactant P2Q. Analyte solutions were 
passed through the flow cells sequentially at a flow rate of 20 ul per minute. 

SAXS. Protein in 20 mM HEPES, pH 7.8, and 100 mM NaCl was concentrated 
to 5 mg/ml. SAXS measurements were made with a laboratory -based instru- 
ment at the University of Aarhus. For both C5 and the C5-OmCI complex 
sample, a series of concentrations (1-5 mg/ml) were measured for control of 
aggregation -interaction effects. The SUPERSAXS package was used for back- 
ground subtraction and all necessary normalizations (C.L.P.O. and j.S.P., 
^ unpublished data). Data were normalized to an absolute scale with a sample 
of pure water as the primary standard (experimental points, Supplementary 
o Fig. 3). The pair distance distribution function for the experimental data (data 
3 not shown) was calculated by the indirect Fourier transformation method. For 
| C5, the radius of gyration R g was 46.2 ± 0.3 A and the maximum dimension 
g was about 150 A. For the C5-OmCI complex, K g was 45.4 ± 0.2 A and the 
3 maximum dimension was about 143 A. As atomic-resolution structures were 
c available for the core C5 residues 20-1515 and the C345C domain, rigid-body 
£ refinement with SASREF software 43 was used for modeling of the solution state 
o of C5. Residues 1516-1540 had variable conformations in C5-1, C5-2 and the 
?j nuclear magnetic resonance structure of the C345C domain and were therefore 
<3 omitted from the rigid -body refinements. The known substructures were used 
5 as input to the program together with atomic constraints relating the domains, 
s After the minimization, a constant background was added to the theoretical fit 
^ with SUPERSAXS by a least-squares procedure. The addition of a constant 
g background corrects for possible random fluctuation in electron density on the 
■c protein structure, flexibility of the domains, and errors in buffer subtraction 
Q. not accounted for by SASREF. On the basis of the crystal structures of C3 and 
O C5- 1 in which the C345C can be located, the distances between the C a positions 
O in Cys866 in the C5 core and the Cysl606 in the C345C domain were restrained 
O) to below 20 A (Fig. 5a). These two residues do not form a disulfide bridge but 
£ engage in disulfide bridges with Cysl527 and Cysl532, respectively, in the 
.2 anchor region (Supplementary Fig. lc). The equivalent distance in the crystal 
structures is 15 A. Ten independent rigid-body refinements gave an almost 
CL identical orientation of the C345C domain (Supplementary Fig. 3c). The 
£ background corrected fit of the model to the experimental scattering curve is 
3 X — 1.46 (Fig. 5a and Supplementary Fig. 3a). The C5-1 molecule from the 
Z crystal structure fits with x = 2.0, whereas a modeled C5 molecule with the 
g C345C domain in a place similar to that of C3 (Fig. 5a) fits with x = 1-62. For 
© the C5-OmCl complex the C345C domain and OmCl were modeled as 
q 'dummy* atoms with the BUNCH program 43 (Supplementary Fig. 3d). 

[•^Crystallization and soaking. Diffraction data were collected as described 41 , but 
KJlQ uM Cd 2+ was added to the cryoprotecting buffer to further stabilize the 
native crystals and the Nal-derivatized crystal, which resulted in improve- 
ment of the resolution 44 . Cd 2+ was replaced with either Gd 2+ or Sm 2+ for 
the derivatives (Supplementary Table 1). Native data were collected at the 
Max-lab 711 beamline at X - 0.989 A. Data from crystals derivatized with 
Gd 2+ or Sm 2+ were collected at a rotating anode with X s= 1.5418 A from 
crystals with maximum dimensions up to 1,500 urn (ref. 41). Later, these 
crystals could not be reproduced, so the Nal data were collected at the 
European Synchroton Radiation Facility beamline ID23-1 with X = 1.7712 A 
from crystals with maximum dimensions of 500 um. These crystals were 
produced by concentration of the protein to 10 mg/ml in 100 mM NaCl and 
20 mM HEPES, pH 7.8. For vapor-diffusion crystallization, proteins were 
mixed at a ratio of 2:1 with reservoir solution consisting of 100 mM NaCl and 
1.5-3 mM 2-(/V-morpholino)ethanesulfonic acid, pH 5.5, and were incubated 
at 4 W C. All data were processed with XDS software 45 . 

Structure determination. The space group of the C5 crystals is P3i, but with a 
rotation axis of almost exactly twofold relating the two copies of the C5 core to 
each other, and with the C345C domain of C5-1 placed directly on this axis 
(Supplementary Fig. lb). Data reduction is not sufficient to distinguish the 
space groups P3i and P3i21 (Table I). For these reasons, the structure of the 
C5 core was first determined in P3 t 21 corresponding to the application of stria 
noncrystallographic symmetry restraints in P3i. An initial set of phases in 
P3i21 was obtained by molecular replacement with PHASER software 46 with 
two independent search models derived from bovine C3. These phases were 



used to locate the samarium, gadolinium and iodide sites in anomalous 
diffraction data (Table 1). Experimental MIRAS phases were calculated with 
the SHARP program 47 with B factors fixed to 80 A 2 . Further sites were added at 
the location of positive peaks of the SHARP log- likelihood gradient anomalous 
maps. A total of 20, 23 and 13 sites were located in the samarium, gadolinium 
and iodide derivatives, respectively. The final combined figure of merit in the 
resolution range 50-4.5 was 0.36 for the centric reflections and 0.39 for the 
acentric reflections. Domains not found by molecular replacement (C5a, MG1, 
MG3 and MG4) were docked 'by hand' in the solvent -flipped map generated 
after the experimental phasing. Because of the low resolution of the experi- 
mental phases and the low sequence identity of 28% between C3 and C5, many 
cycles of iterative rebuilding with the O program 48 , refinement with the 
crystallography and nuclear magnetic resonance system 49 , a combination of 
experimental and model phases, and solvent flipping were required. Initially, 
model phases for polyalanine models were used and, later, omit model phases 
were used for each domain, so that each domain was built into density not 
containing model- phase contribution from the domain itself. Composite 
annealing-omit maps were used for rebuilding as well. The structure was 
refined with density-modified combined phases as restraints. From an R( m of 
35%, the structure was refined with the phenix.refine program 50 without phase 
restraints. Five and nine Cd 2+ ions bound to C5 were located from the weak 
anomalous signal in the native data in space groups P3 t 21 and P3i, respectively. 
At an R fm of 29.2%, the symmetry was switched to P3j with simultaneous 
symmetry expansion of the test set from P3 y 2\ to P3 t with the SFTOOLS 
program. After symmetry expansion, the C345C domain was located in both 
C5-1 and C5-2 by molecular replacement but was included in the final model 
only for C5-1. In P3i, the structure was refined with noncrystallographic 
symmetry restraints applied domain-wise. In the final model, 74.9% of the 
residues were in the most- favored regions of the Ramachandran plot, 24.6% 
were in additionally allowed regions and 0.5% were in disallowed regions. 

Accession code. Research Collaboratory for Structural Bioinformatics protein 
data bank: coordinates and structure factors for C5, 3CU7. 

Note: Supplementary information is available on the Nature Immunology website. 
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Erratum: Structure of and influence of a tick complement inhibitor on 
human complement component 5 

Folmer Fredslund, Nick S Laursen, Pietro Roversi, Lasse jenner, Cristiano L P Oliveira, Jan S Pedersen, Miles A Nunn, Susan M Lea, 
Richard Discipio, Lars Sottrup-Jensen & Gregers R Andersen 

Nature Immunology 9, 753-760 (2008); published online 8 June 2008; corrected after print 20 June 2008 

In the version of this article initially published, the numbers in the 'RsynY row in Table 1 are in the wrong columns. The error has been corrected 
in the HTML and PDF versions of the article. 
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